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In this thesis, complex anisotropic materials are investigated and characterized by gen-
eralized ellipsometry. In recent years, anisotropic materials have gained considerable in-
terest for novel applications in electronic and optoelectronic devices, mostly due to unique
properties that originate from reduced crystal symmetry. Examples include white solid-
state lighting devices which have become ubiquitous just recently, and the emergence of
high-power, high-voltage electronic transistors and switches in all-electric vehicles. The
incorporation of single crystalline material with low crystal symmetry into novel device
structures requires reconsideration of existing optical characterization approaches. Here,
the generalized ellipsometry concept is extended to include applications for materials
with monoclinic and triclinic symmetries. A model eigendielectric displacement vector
approach is developed, described and utilized to characterize monoclinic materials. Ma-
terials are investigated in spectral regions spanning from the far-infrared to the vacuum
ultraviolet. Examples are demonstrated for phonon mode determination in cadmium
tungstate and yttrium silicate and for band-to-band transitions in gallia (β-Ga2O3) single
crystals. Furthermore, the anisotropic optical properties of an emerging class of spatially
coherent heterostructure materials with nanostructure dimensions are investigated. The
so-called anisotropic effective medium approximation for slanted columnar thin films is
extended to the concept of slanted columnar heterostructure thin films as well as core-
shell heterostructure thin films. Examples include the determination of band-to-band
transitions, phonon modes and oxidation properties of cobalt-oxide core shell structures
and gas-liquid-solid distribution during controlled adsorption of organic solvents in sili-
con slanted columnar thin films.
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My contribution to this work was the augmentation of the eigendielectric displace-
ment approach for lattice anharmonicity by incorporation of anharmonic Lorentzian os-
cillators into the model description. I also performed the data analysis.
Chapter 3 has been submitted for publication and is under review with Physical Re-
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phonon modes from analysis of the dielectric function tensor and inverse dielectric func-
tion tensor of monoclinic yttrium orthosilicate, arXiv:1711.06336 [condmat.mtrl-sci] Phys.
Rev. B (2017).) Used with permission.
My contribution to this work was the augmentation of the eigendielectric displace-
ment loss vector summation approach with anharmonic broadening from the inverse
dielectric tensor into the model description in order to determine longitudinal optical
phonon mode parameters and directions. I also performed the data analysis.
Chapter 4 has been accepted for publication in Physical Review B (AlyssaMock, Rafał Ko-
rlacki, Chad Briley, Vanya Darakchieva, Bo Monemar, Yoshiano Kumagai, Ken Goto,
Masataka Higashiwaki, and Mathias Schubert, Band-to-band transitions, selection rules,
effective mass and exciton binding energy parameters in monoclinic β-Ga2O3, arXiv:1704.06711,
Phys. Rev. B, (2017).) Used with permission.
My contributions to this work were data acquisition from the vacuum ultraviolet to
near infrared spectral regions and the extension of the eigendielectric summation ap-
proach into this spectral region for determination of excitonic contributions as well as
electronic transitions and their directions. I also performed the data analysis.
Chapter 5 has been submitted for publication and is accepted with minor revisions in
Applied Physics Letters (Alyssa Mock, JeremyVanDerslice, Rafał Korlacki, John A.Woollam,
and Mathias Schubert, Elevated temperature dependence of the anisotropic visible-to-
ultraviolet dielectric function of monoclinic β-Ga2O3, arXiv:1710.10314 [condmat.mtrl-sci]
Appl. Phys. Lett. (2017).) Used with permission.
xMy contributions to this work were data acquisition in the temperature range 22-
600◦C, analysis using wavelegnth-by-wavelength as well as the eigendielectric summation
approach and resulting analysis using the Bose-Einstein model.
Chapter 6 has been published in Applied Physics Letters (Alyssa Mock, Rafał Korlacki,
Chad Briley, Derek Sekora, Tino Hofmann, Peter Wilson, Alex Sinitskii, Eva Schubert,
Mathias Schubert, Anisotropy, band-to-band transitions, phonon modes, and oxidation
properties of cobalt-oxide core-shell slanted columnar thin films, Appl. Phys. Lett. 108,
051905 (2016).) Used with permission.
My contributions to this work were nanostructure growth by glancing angle deposi-
tion and atomic layer deposition techniques, ellipsometry data acquisition, model descrip-
tion and data analysis.
Chapter 7 has been published in Applied Surface Science (Alyssa Mock, Tim Carlson,
Jeremy VanDerslice, Joel Mohrmann, John Woollam, Eva Schubert, Mathias Schubert,
Multiple-layered effective medium approximation approach to modeling environmental
effects on alumina passivated highly porous silicon nanostructured thin films measured
by in-situ Mueller matrix ellipsometry, Appl. Surf. Sci. 421, 663-666 (2017).) Used with
permission.
My contributions to this work were nanostructure growth by glancing angle deposi-
tion and atomic layer deposition techniques, data acquisition using in-situ ellipsometry,
model description and data analysis.
All authors contributed to the manuscript preparation for each publication.
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Introduction
Part I: In recent years, anisotropic materials have gained considerable interest for novel
applications in electronic and optoelectronic devices, mostly due to unique properties
that originate from reduced crystal symmetry. Examples include white solid-state light-
ing devices which have become common just recently, and the emergence of high-power,
high-voltage electronic transistors and switches in all-electric vehicles. The incorporation
of single crystalline materials with low crystal symmetry into novel device structures
requires reconsideration of existing optical characterization approaches. Here, the gener-
alized ellipsometry concept is extended to include applications for materials with mon-
oclinic and triclinic symmetries. A model eigendielectric displacement vector approach
is developed, described and utilized to characterize monoclinic materials. Materials are
investigated in spectral regions spanning from the far-infrared to the vacuum ultraviolet.
Examples are demonstrated for phonon mode determination in cadmium tungstate and
yttrium orthosilicate and for band-to-band transitions in gallia (β-Ga2O3) single crystals.
Spectroscopic ellipsometry is a non-contact optical characterization technique which
determines the change in the polarization state of an electromagnetic plane wave after
reflection from or transmission through a sample (Fig. 1.1). In standard spectroscopic
ellipsometry, two real-valued ellipsometry parameters Ψ and Δ are defined by ρ, the ratio
of the complex-valued Fresnel coefficients.
ρ =
rp
rs
=
Ep,outEs,in
Es,outEp,in
= tanΨexp(iΔ) (1.1)
However, in the case of mode conversion of p- into s-polarized light∗, these two values,
Ψ and Δ, are no longer capable of fully describing the sample and generalized ellipsom-
etry must be employed. Such is the case for anisotropic materials, necessitating the use
∗The letters p and s indicate parallel and perpendicular (”senkrecht” in German), respectively, with
respect to the plane of incidence.
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Figure 1.1: Schematic representation of the geometry of the ellipsometry experiment
showing incoming electromagnetic plane wave incident on a sample with incoming
wavevector kin, angle of incidence Φa, and outgoing wavevector kout. Incoming and
outgoing electric field plane waves, Ein and Eout can be decomposed with complex field
amplitudes Ep,in, Es,in, Ep,out, Es,out where p and s denote parallel and perpendicular to
the plane of incidence, respectively.
of the Mueller matrix which is able to account for mode conversion as well as depolariza-
tion. The 4× 4 Mueller matrix connects incoming and outgoing Stokes vectors (see Sec.
2.3.4.1).
Generalized spectroscpoic ellipsometry data depend on a variety of parameters in-
cluding photon energy E = h¯ω of the incoming electromagnetic plane wave, the angle
of incidence Φa, the dielectric tensor of the sample ε, the thickness d of each layer in the
sample, the surface roughness, the orientation of an anisotropic sample, sample temper-
ature T, etc.. In order to determine physically meaningful parameters, an appropriate
model dielectric function must be developed and utilized. Revelent dielectric tensors and
physical lineshape models are discussed in each chapter for the unique and interesting
anisotropic materials reported in this thesis.
The unique properties of low crystal symmetry materials such as monoclinic single
crystalline CdWO4, Y2SiO4, and β-Ga2O3 make them highly suitable for optoelectronic
applications. The luminescent properties of CdWO4 along with high density and X-ray
stopping power make it an excellent candidate for scintillator applications. Likewise,
monoclinic single crystalline Y2SiO5 can be used as a host material for laser applications
as well as for signal processing and quantum optics. This work presents an infrared to
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far-infrared analysis of long-wavelength active phonon modes and anisotropic properties
of these two remarkable materials.
The wide band gap energy in monoclinic single crystalline β-Ga2O3 shows the po-
tential for use in transparent electronics and optoelectronic devices for short-wavelength
applications. Additionally, β-Ga2O3 has an exceptionally high electric breakdown field
which indicates that it may also have great potential as a high-power device material.
This work presents a near-infrared to vacuum-ultraviolet analysis of electronic transitions
and excitonic contributions of β-Ga2O3. Additionally, this thesis reports on the effects
of elevated temperatures up to 500◦C on the optical properties of this highly interesting
material which is receiving considerable attention currently.
Chapter 2 is a published article in Physical Review B titled “Anisotropy, phonon modes,
and lattice anharmonicity from dielectric function tensor analysis of monoclinic cadmium
tungstate” in which the eigendielectric vector model is described for the infrared response
and applied to CdWO4. In this chapter the use of the inverse dielectric tensor elements
and the augmentation of lattice anharmonicity onto the eigendielectric vector displace-
ment approach is presented. The long-wavelength anisotropic properties of CdWO4 such
as phonon mode parameters and static and high frequency dielectric constants are ob-
tained from ellipsometry analysis and are compared to results of density functional theory
calculations. We observe by experiment all density functional theory predicted infrared
active modes, and all parameters including phonon mode eigenvector orientations are in
excellent agreement between theory and experiment.
Chapter 3 is an article which has been submitted and is under review with Physical
Review B with the title “Anisotropy and phonon modes from analysis of the dielectric
function tensor and inverse dielectric function tensor of monoclinic yttrium silicate” in
which we further extend our monoclinic model to determine not only transverse phonon
modes and their eigenvectors but also the longitudinal phonon modes and their corre-
sponding eigenvectors. This approach is applied to monoclinic Y2SiO5 where we present
all density functional theory predicted infrared active transverse and longitudinal optical
modes.
Chapter 4 has been accepted for publication in Physical Review B with the title, “Band-
to-band transitions, selection rules, effective mass, and excitonic contributions in mon-
oclinic β-Ga2O3.” In this chapter, a monoclinic eigendielectric vector model and is pre-
sented and applied to the spectral response of β-Ga2O3 in the near-infrared to vacuum-
ultraviolet region allowing for the determination of parameters for polarization depen-
dent exciton binding and for the lowest transitions independently. Results are compared
with density functional theory calculations performed using a Gaussian-attenuation-Perdue-
Burke-Ernzerhof density functional. We also provide and discuss anisotropic effective
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mass parameters determined in our density functional theory analysis for the topmost
valence and lowest conduction bands as well as the selection rules for the fundamental
band-to-band transitions.
Chapter 5 is an article which has been submitted and is under review with Applied
Physics Letters with the title, “Temperature dependence of the anisotropic dielectric func-
tion of β-Ga2O3” In this chapter, the monoclinic eigendielectric vector displacement model
is used to describe changes in the dielectric tensor elements at elevated temperatures. We
present the energy shifts of critical points due to electronic transitions and discuss the
Bose-Einstein response to increasing temperature from room temperature up to 500 ◦C.
We determine and discuss the average phonon energy determined by the Bose-Einstein
model and compare with the average energy of longitudinal plasmon phonon modes in
β-Ga2O3.
Part II: The occurrence of optical anisotropy is not only limited to requirement of sin-
gle crystalline arrangements with low symmetry. A different origin of optical anisotropy
is caused by form birefringence. Form birefringence, or shape-induced optical anisotropy,
occurs as the result of spatial confinement of displacement charges in structures with
dimensions much smaller than the wavelength such as glancing angle deposited slanted
columnar thin films. Shape-induced optical anisotropy can be very strong and widely
surpass those found in naturally occurring or artificially synthesized single crystalline
bulk materials. The anisotropic optical properties of an emerging class of spatially coher-
ent heterostructure materials with nanostructure dimensions are investigated here. The
so-called anisotropic effective medium approximation for slanted columnar thin films is
extended to the concept of slanted columnar heterostructure thin films. Examples include
the determination of band-to-band transitions, phonon modes and oxidation properties
of cobalt-oxide core-shell slanted columnar structures as well as gas-liquid-solid distribu-
tion throughout nanostructured films during controlled adsorption of organic solvents in
silicon slanted columnar thin films.
Chapter 6 is an article published in Applied Physics Letters titled ”Anisotropy, band-
to-band transitions, phonon modes, and oxidation properties of cobalt-oxide core-shell
slanted columnar thin films.” In this chapter, a biaxial effective medium approach for
materials with orthorhombic symmetry is discussed and an anisotropic multiple-material
core-shell nanostructured thin film is described. The changes of optical, vibrational and
electronic properties of cobalt nanocolumns due to oxidation are presented. This char-
acterization technique is utilized to describe a nearly fully oxidized core-shell Co-Co3O4
slanted columnar thin film as well as the prevention of oxidation by an alumina passiva-
tion layer deposited on cobalt structures by atomic layer deposition.
Chapter 7 is an article published in Applied Surface Science titled ”Multiple-layered ef-
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fective medium approximation approach to modeling environmental effects on alumina
passivated highly porous silicon nanostructured thin films measured by in-situ Mueller
matrix ellipsometry.” Here, it is described how a single effective medium layer is insuffi-
cient to render the changes in optical response with varying environment when adhesion
occurs on the surface of nanocolumns. A multiple layer approach is discussed which ac-
counts for the ”filling” in between nanocolumns with variable thickness. Optical changes
during exposure to toluene vapor in an environmental cell of alumina passivated highly
porous silicon slanted columnar thin films are presented. Additionally, we report on the
reversible nature of such environmental effects of passivated slanted columnar thin films.
In Chapter 8 the results presented in the thesis are summarized and a brief outlook is
discussed.
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9Chapter 2
Anisotropy, phonon modes, and
lattice anharmonicity from dielectric
function tensor analysis of
monoclinic cadmium tungstate
2.1 Abstract
We determine the frequency dependence of four independent Cartesian tensor elements
of the dielectric function for CdWO4 using generalized spectroscopic ellipsometry within
mid-infrared and far-infrared spectral regions. Different single crystal cuts, (010) and
(001), are investigated. From the spectral dependencies of the dielectric function tensor
and its inverse we determine all long-wavelength active transverse and longitudinal optic
phonon modes with Au and Bu symmetry as well as their eigenvectors within the mono-
clinic lattice. We thereby demonstrate that such information can be obtained completely
without physical model line shape analysis in materials with monoclinic symmetry. We
then augment the effect of lattice anharmonicity onto our recently described dielectric
function tensor model approach for materials with monoclinic and triclinic crystal sym-
metries [Phys. Rev. B, 125209 (2016)], and we obtain an excellent match between all mea-
sured and modeled dielectric function tensor elements. All phonon mode frequency and
broadening parameters are determined in our model approach. We also perform density
functional theory phonon mode calculations, and we compare our results obtained from
theory, from direct dielectric function tensor analysis, and from model lineshape analysis,
and we find excellent agreement between all approaches. We also discuss and present
static and above reststrahlen spectral range dielectric constants. Our data for CdWO4
are in excellent agreement with a recently proposed generalization of the Lyddane-Sachs-
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Teller relation for materials with low crystal symmetry [Phys. Rev. Lett. 117, 215502
(2016)].
2.2 Introduction
Metal tungstate semiconductor materials (AWO4) have been extensively studied due to
their remarkable optical and luminescent properties. Because of their properties, metal
tungstates are potential candidates for use in phosphors, in scintillating detectors, and
in optoelectronic devices including lasers.[1–3] Tungstates usually crystallize in either
the tetragonal scheelite or monoclinic wolframite crystal structure for large (A = Ba, Ca,
Eu, Pb, Sr) or small (A = Co, Cd, Fe, Mg, Ni, Zn) cations, respectively.[4] The highly
anisotropic monoclinic cadmium tungstate (CdWO4) is of particular interest for scintilla-
tor applications, because it is non-hygroscopic, has high density (7.99 g/cm3) and there-
fore high X-ray stopping power[2], its emission centered near 480 nn falls within the
sensitive region of typical silicon-based CCD detectors[5], and its scintillation has high
light yield (14,000 photons/MeV) with little afterglow[2]. Raman spectra of CdWO4 have
been studied extensively[6–10], and despite its use in detector technologies, investigation
into its fundamental physical properties such as optical phonon modes, and static and
high-frequency dielectric constants is far less exhaustive.
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Figure 2.1: (a) Unit cell of CdWO4 with monoclinic angle β and Cartesian coordinate
system (x, y, z) used in this work. (b) View onto the a - c plane along axis b, which points
into the plane. Indicated is the vector c, defined for convenience here. See section 2.3.3.9
for details.
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Infrared (IR) spectra was reported by Nyquist and Kagel,[11] however, no analysis
or symmetry assignment was included.[11] Blasse[6] investigated IR spectra of HgMoO4
and HgWO4 and also reported analysis of CdWO4 in the spectral range of 200-900 cm−1
and identified 11 IR active modes but without symmetry assignment. Daturi et al.[7]
performed Fourier transform IR (FT-IR) measurements of CdWO4 powder. An incom-
plete set of IR active modes was identified, and a tentative symmetry assignment was
provided. A broad feature between 260-310 cm−1 remained unexplained. Gabrusenoks
et al.[8] utilized unpolarized far-IR (FIR) reflection measurements from 50-5000 cm−1 and
identified 7 modes with Bu symmetry but did not provide their frequencies. Jia et al.[12]
studied CdWO4 nanoparticles using FT-IR between 400-1400 cm−1, and identified 6 ab-
sorption peaks in this range without symmetry assignment. Burshtein et al.[13] utilized
IR reflection spectra and identified 14 IR active modes along with symmetry assignment
but ignored the anisotropy of the monoclinic sample in the analysis of the dielectric ten-
sor. Lacomba-Perales et al.[9] studied phase transitions in CdWO4 at high pressure and
provided results of density functional theory (DFT) calculations for all long-wavelength
active modes. Shevchuk and Kayun[14] reported on the effects of temperature on the
dielectric permittivity of single crystalline (010) CdWO4 at 1 kHz yielding a value of ap-
proximately 17 at room temperature. Many of these studies were conducted on the (010)
cleavage plane of CdWO4, and therefore, the complete optical response due to anisotropy
in the monoclinic crystal symmetry was not investigated. However, in order to accurately
describe the full set of phonon modes as well as static and high-frequency dielectric con-
stants of monoclinic CdWO4, a full account for the monoclinic crystal structure must be
provided, both during conductance of the experiments as well as during data analysis.
Overall, up to this point, the availability of accurate phonon mode parameters and dielec-
tric function tensor properties at long-wavelengths for CdWO4 appears rather incomplete.
In this work we provide a long-wavelength spectroscopic investigation of the anisotropic
properties of CdWO4 by generalized spectroscopic ellipsometry (GSE). We apply our re-
cently developed model for complete analysis of the effects of long-wavelength active
phonon modes in materials with monoclinic crystal symmetry, which we have demon-
strated for a similar analysis of β-Ga2O3.[15] Our investigation is augmented by DFT
calculations.
Ellipsometry is an excellent non-destructive technique, which can be used to resolve
the state of polarization of light reflected off or transmitted through a sample, therefore,
both real and imaginary parts of the complex dielectric function can be determined at
optical wavelengths [16–18]. Generalized ellipsometry extends this concept to arbitrarily
anisotropic materials and, in principle, allows for determination of all 9 complex-valued
elements of the dielectric function tensor [19]. Jellison et al. first reported generalized ellip-
12 Chapter 2. Anisotropy, phonon modes, and lattice anharmonicity of CdWO4
sometry analysis of a monoclinic crystal, CdWO4, in the spectral region of 1.5–5.6 eV.[20]
It was shown that 4 complex-valued dielectric tensor elements are required for each wave-
length, which were determined spectroscopically, and independently of physical model
line shape functions. Jellison et al. suggested to use 4 independent spectroscopic dielec-
tric function tensor elements instead of the 3 diagonal elements used for materials with
orthorhombic, hexagonal, tetragonal, trigonal, and cubic crystal symmetries. Recently,
we have shown this approach in addition to a lineshape eigendielectric displacement vec-
tor approach applied to β-Ga2O3.[15] We have used a physical function lineshape model
first described by Born and Huang, [21] which uses 4 interdependent dielectric function
tensor elements for monoclinic materials. The Born and Huang model permitted deter-
mination of all long-wavelength active phonon modes, their displacement orientations
within the monoclinic lattice, and the anisotropic static and high-frequency dielectric per-
mittivity parameters. Here, we investigate the dielectric tensor of CdWO4 in the FIR and
mid-IR (MIR) spectral regions. Our goal is the determination of all FIR and MIR active
phonon modes and their eigenvector orientations within the monoclinic lattice. In addi-
tion, we determine the static and high-frequency dielectric constants. We use generalized
ellipsometry for determination of the highly anisotropic dielectric tensor. Furthermore,
we observe and report in this paper the need to augment anharmonic broadening onto
our recently described model for polar vibrations in materials with monoclinic and tri-
clinic crystal symmetries.[15] With the augmentation of anharmonic broadening we are
able to achieve a near perfect match between our experimental data and our model cal-
culated dielectric function spectra. In particular, in this work we exploit the inverse of
the experimentally determined dielectric function tensor and directly obtain the frequen-
cies of the longitudinal phonon modes. We also demonstrate the validity of a recently
proposed generalization of the Lyddane-Sachs-Teller relation[22] to materials with mono-
clinic and triclinic crystal symmetries[23] for CdWO4. We also demonstrate the usefulness
of the generalization of the dielectric function for monoclinic and triclinic materials in or-
der to directly determine frequency and broadening parameters of all long-wavelength
active phonon modes regardless of their displacement orientations within CdWO4. This
generalization as a coordinate-invariant form of the dielectric response was proposed
recently.[23] For this analysis procedure, we augment the dielectric function form with
anharmonic lattice broadening effects proposed by Berreman and Unterwald[24], as well
as Lowndes[25] onto the coordinate-invariant generalization of the dielectric function
proposed by Schubert.[23] In contrast to our previous report on β-Ga2O3[15], we do not
observe the effects of free charge carriers in undoped CdWO4, and hence their contribu-
tions to the dielectric response, needed for accurate analysis of conductive, monoclinic
materials such as β-Ga2O3, are ignored in this work. The phonon mode parameters and
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static and high frequency dielectric constants obtained from our ellipsometry analysis are
compared to results of DFT calculations. We observe by experiment all DFT predicted
modes, and all parameters including phonon mode eigenvector orientations are in excel-
lent agreement between theory and experiment.
2.3 Theory
2.3.1 Symmetry
The cadmium tungstate belongs to the space group 13 and the unit cell contains two
cadmium atoms, two tungsten atoms, and eight oxygen atoms. The lattice parameters
and representative atomic positions are listed in Tab. 2.1. CdWO4 possesses 33 normal
modes of vibration with the irreducible representation for acoustical and optical zone
center modes: Γ = 8Ag + 10Bg + 7Au + 8Bu, where Au and Bu modes are active at MIR
and FIR wavelengths. The phonon displacement of Au modes is parallel to the crystal
b direction, while the phonon displacement for Bu modes is parallel to the a − c crystal
plane. All modes split into transverse optical (transverse optical (TO)) and longitudinal
optical (LO) phonons.
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) (b) (c) (d) (e) 
(f) (g) (h) (i) (j) 
(k) (l) (m) (n) (o) 
Figure 2.2: Renderings of TO phonon modes in CdWO4 with Au (b: Au(7), g: Au(6), h:
Au(5), i: Au(4), k: Au(3), m: Au(2), o: Au(1)) and Bu symmetry (a: Bu(8), c: Bu(7), d: Bu(6),
e: Bu(5), f: Bu(4), j: Bu(3), l: Bu(2), n: Bu(1)). The respective phonon mode frequency
parameters calculated using Quantum ESPRESSO are given in Tabs. 2.2 and 2.3
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Table 2.1: Calculated equilibrium structural parameters of CdWO4 determined in this
work in comparison with selected literature values. Atomic positions are given in frac-
tional coordinates of a, b, and c respectively. For the sake of consistency literature data
from different sources has been converted to the same equivalent positions and rounded
to the same number of significant digits.
Calc. (LDA-PZ, this work); a = 4.959 A˚, b = 5.812 A˚,
c = 5.020 A˚, β = 91.13◦, Cell Volume=144.7 A˚3
W (site:2e) 0 0.1759 0.25
Cd (site:2f) 0.5 0.6879 0.25
O1 (site:4g) 0.2021 0.9040 0.4445
O2 (site:4g) 0.2461 0.3716 0.3853
Calc. (GGA-PBE, Ref. 9); a = 5.096 A˚, b = 6.015 A˚,
c = 5.136 A˚, β = 91.17◦, Cell Volume=157.4 A˚3
W (site:2e) 0 0.1758 0.25
Cd (site:2f) 0.5 0.6919 0.25
O1 (site:4g) 0.1999 0.9037 0.4481
O2 (site:4g) 0.2419 0.3663 0.3839
Exp. (Ref. 7); a = 5.026 A˚, b = 5.867 A˚,
c = 5.078 A˚, β = 91.47◦, Cell Volume=149.7 A˚3
W (site:2e) 0 0.1784 0.25
Cd (site:2f) 0.5 0.6980 0.25
O1 (site:4g) 0.189 0.901 0.454
O2 (site:4g) 0.250 0.360 0.393
Exp. (Ref. 26); a = 5.040 A˚, b = 5.870 A˚,
c = 5.084 A˚, β = 91.48◦, Cell Volume=150.4 A˚3
W (site:2e) 0 0.1786 0.25
Cd (site:2f) 0.5 0.6973 0.25
O1 (site:4g) 0.2018 0.9045 0.4504
O2 (site:4g) 0.2420 0.3703 0.3839
2.3.2 Density Functional Theory
Theoretical calculations of long-wavelength active Γ-point phonon frequencies were per-
formed by plane wave DFT using Quantum Espresso (QE) ∗. We used the exchange correla-
tion functional of Perdew and Zunger (PZ). [28] We employ Optimized Norm-Conserving
Vanderbilt (ONCV) scalar-relativistic pseudopotentials, [29] which we generated for the
PZ functional using the code ONCVPSP[30] with the optimized parameters of the SG15
∗Quantum ESPRESSO is available from http://www.quantum-espresso.org. See also: ] Ref. 27
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distribution of pseudopotentials.[31] These pseudopotentials include 20 valence states for
cadmium.∗ A crystal cell of CdWO4 consisting of two chemical units, with initial param-
eters for the cell and atom coordinates taken from Ref. 26 was first relaxed to force levels
less than 10−5 Ry/Bohr. A regular shifted 4× 4× 4 Monkhorst-Pack grid was used for
sampling of the Brillouin Zone [34]. A convergence threshold of 1× 10−12 Ry was used to
reach self consistency with a large electronic wavefunction cutoff of 100 Ry. The equilib-
rium structural parameters are listed in Tab. 2.1 and compared to available literature data.
The fully relaxed structure was then used for the calculation of phonon modes which is
discussed below in Sec. 2.5.1.
2.3.3 Dielectric Function Tensor Properties
2.3.3.1 Transverse and longitudinal phonon modes
From the frequency dependence of a general, linear dielectric function tensor, two mutu-
ally exclusive and characteristic sets of eigenmodes can be unambiguously defined. One
set pertains to frequencies at which dielectric resonance occurs for electric fields along
directions eˆl. These are the so-called TO modes whose eigendielectric displacement unit
vectors are then eˆl = eˆTO,l . Likewise, a second set of frequencies pertains to situations
when the dielectric loss approaches infinity for electric fields along directions eˆ l . These
are the so-called LO modes whose eigendielectric displacement unit vectors are then
eˆl = eˆLO,l. This can be expressed by the following equations
|det{ε(ω = ωTO,l)}| → ∞, (2.1a)
|det{ε−1(ω = ωLO,l)}| → ∞, (2.1b)
ε−1(ω = ωTO,l)eˆTO,l = 0, (2.1c)
ε(ω = ωLO,l)eˆLO,l = 0. (2.1d)
where |ζ| denotes the absolute value of a complex number ζ. At this point, l is an index
which merely addresses the occurrence of multiple such frequencies in either or both of
the sets. Note that as a consequence of Eqs. 2.1, the eigendielectric displacement unit
vector directions of TO and LO modes with a common frequency must be perpendicular
to each other, regardless of crystal symmetry.
∗Obtaining a good quality pseudpotential for cadmium is not simple, and the separation between the
core and the valence configurations is highly ambiguous. See, for example, discussions in the following
papers: Refs. 32, 33
16 Chapter 2. Anisotropy, phonon modes, and lattice anharmonicity of CdWO4
2.3.3.2 The eigendielectric displacement vector summation approach
It was shown previously that the tensor elements of ε due to long-wavelength active
phonon modes in materials with any crystal symmetry can be obtained from an eigendi-
electric displacement vector summation approach. In this approach, contributions to the
anisotropic dielectric polarizability from individual, eigendielectric displacements (dielec-
tric resonances) with unit vector eˆl are added to a high-frequency, frequency-independent
tensor, ε∞, which is thought to originate from the sum of all eigendielectric displacement
processes at much shorter wavelengths than all phonon modes[15, 23]
ε = ε∞ +
N
∑
l=1
l(eˆl ⊗ eˆl), (2.2)
where ⊗ is the dyadic product. Functions  l describe the frequency responses of each of
the l = 1 . . .N eigendielectric displacement modes.[35] Functions l must satisfy causality
and energy conservation requirements, i.e., the Kramers-Kronig integral relations and
Im{l} ≥ 0, ∀ ω ≥ 0, 1, . . . l, . . .N conditions. [36, 37]
2.3.3.3 The Lorentz oscillator model
The energy (frequency) dependent contribution to the long-wavelength polarization re-
sponse of an uncoupled electric dipole charge oscillation is commonly described using a
Lorentz oscillator function with harmonic broadening [38, 39]
l (ω) =
A2l
ω20,l − ω2 − iωγ0,l
, (2.3)
or anharmonic broadening
l (ω) =
A2l − iΓlω
ω20,l − ω2 − iωγ0,l
, (2.4)
where Al, ω0,l, γ0,l, and Γl denote amplitude, resonance frequency, harmonic broadening,
and anharmonic broadening parameter of mode l, respectively, ω is the frequency of the
driving electromagnetic field, and i2 = −1 is the imaginary unit. The assumption that
functions l can be described by harmonic oscillators renders the eigendielectric displace-
ment vector summation approach of Eq. 2.2 equivalent to the result of the microscopic
description of the long-wavelength lattice vibrations given by Born and Huang in the
so-called harmonic approximation. [21] In the harmonic approximation the interatomic
forces are considered constant and the equations of motion are determined by harmonic
potentials.[40]
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From Eqs. 2.1-2.4 it follows that eˆl = eˆTO,l , and ω0,l = ωTO,l . The ad-hoc parameter
Γl introduced in Eq. 2.4 can be shown to be directly related to the LO mode broadening
parameter γLO,l introduced to account for anharmonic phonon coupling in materials with
orthorhombic and higher symmetries, which is discussed below.
2.3.3.4 The coordinate-invariant generalized dielectric function
The determinant of the dielectric function tensor can be expressed by the following
frequency-dependent coordinate-invariant form, regardless of crystal symmetry[15, 23]
det{ε(ω)} = det{ε∞}
N
∏
l=1
ω2LO,l − ω2
ω2
TO,l − ω2
. (2.5)
2.3.3.5 The Berreman-Unterwald-Lowndes factorized form
The right side of Eq. 2.5 is form equivalent to the so-called factorized form of the di-
electric function for long-wavelength active phonon modes described by Berreman and
Unterwald[24], and Lowndes.[25] The Berreman-Unterwald-Lowndes (BUL) factorized
form is convenient for derivation of TO and LO mode frequencies from the dielectric
function of materials with multiple phonon modes. In the derivation of the BUL factor-
ized form, however, it was assumed that the displacement directions of all contributing
phonon modes must be parallel. Hence, in its original implementation, the application of
the BUL factorized form is limited to materials with orthorhombic, hexagonal, tetragonal,
trigonal, and cubic crystal symmetries. Schubert recently suggested Eq. 2.5 as generaliza-
tion of the BUL form applicable to materials regardless of crystal symmetry.[23]
2.3.3.6 The generalized dielectric function with anharmonic broadening
The introduction of broadening by permitting for parameters γTO,l and Γl in Eqs. 2.3, and
2.4 can be shown to modify Eq. 2.5 into the following form
det{ε(ω)} = det{ε∞}
N
∏
l=1
ω2
LO,l − ω2 − iωγLO,l
ω2
TO,l − ω2 − iωγTO,l
, (2.6)
where γLO,l is the broadening parameter for the LO frequency ωLO,l. A similar augmenta-
tion was suggested by Gervais and Periou for the BUL factorized form identifying γLO,l as
independent model parameters to account for a life-time broadening mechanisms of LO
modes separate from that of TO modes.[41] Sometimes referred to as “4-parameter semi
quantum” (FPSQ) model, the approach by Gervais and Periou allows for separate TO
and LO mode broadening parameters, γTO,l and γLO,l, respectively, providing accurate de-
scription of effects of anharmonic phonon mode coupling in anisotropic, multiple mode
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materials with non-cubic crystal symmetry, for example, in tetragonal (rutile) TiO2,[41, 42]
hexagonal (corrundum) Al2O3,[43] and orthorhombic (stibnite) Sb2S3.[44] In this work, we
suggest use of Eq. 2.6 to accurately match the experimentally observed lineshapes and to
determine frequencies of TO and LO modes, and thereby to account for effects of phonon
mode anharmonicity in monoclinic CdWO4.
2.3.3.7 Schubert-Tiwald-Herzinger broadening condition
The following condition holds for the TO and LO mode broadening parameters within a
BUL form[43]
0 < Im
{
N
∏
l=1
ω2
LO,l − ω2 − iωγLO,l
ω2
TO,l − ω2 − iωγTO,l
}
, (2.7a)
 (2.7b)
0 <
N
∑
l=1
(γLO,l − γTO,l). (2.7c)
This condition is valid for the dielectric function along high-symmetry Cartesian axes
for orthorhombic, hexagonal, tetragonal, trigonal, and cubic crystal symmetry in mate-
rials with multiple phonon mode bands. For monoclinic materials it is valid for the
dielectric function for polarizations along crystal axis b. Its validity for Eq. 2.6 has not
yet been shown, and also not for the conceptual expansion for triclinic materials (Eq. 14
in Ref.23). However, we test the condition for the a− c plane in this work.
2.3.3.8 Generalized Lyddane-Sachs-Teller relation
A coordinate-invariant generalization of the Lyddane-Sachs-Teller (LST) relation[22] for
arbitrary crystal symmetries was recently derived by Schubert (S-LST).[23] The Schubert-
Lyddane-Sachs-Teller (S-LST) relation follows immediately from Eq. 2.6 setting ω to zero
det{ε (ω = 0)}
det{ε∞} =
N
∏
l=1
(
ωLO,l
ωTO,l
)2
, (2.8)
and which was found valid for monoclinic β-Ga2O3.[15] We investigate the validity of
the S-LST relation for monoclinic CdWO4 with our experimental results obtained in this
work.
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2.3.3.9 CdWO4 dielectric tensor model
We align unit cell axes b and a with −z and x, respectively, and c is within the (x-y) plane.
We introduce vector c parallel to y for convenience, and we obtain a, c, −b as a pseudo
orthorhombic system (Fig. 2.1). Seven modes with Au symmetry are polarized along b
only. Eight modes with Bu symmetry are polarized within the a - c plane. For CdWO4,
the dielectric tensor elements are then obtained as follows
εxx = ε∞,xx +
8
∑
l=1
Bul cos
2 αj, (2.9a)
εxy = εyx = ε∞,xy +
8
∑
l=1
Bul sin αj cos αj, (2.9b)
εyy = ε∞,yy +
8
∑
l=1
Bul sin
2 αj, (2.9c)
εzz = ε∞,zz +
7
∑
l=1
Aul , (2.9d)
εxz = εzx = εzy = εyz = 0, (2.9e)
where X = Au, Bu indicate functions Xl for long-wavelength active modes with Au and
Bu symmetry, respectively. The angle α l denotes the orientation of the eigendielectric
displacement vectors with Bu symmetry relative to axis a. Note that the eigendielectric
displacement vectors with Au symmetry are all parallel to axis b, and hence do not appear
as variables in Eqs. 2.9.
2.3.3.10 Phonon mode parameter determination
The spectral dependence of the CdWO4 dielectric function tensor, obtained here by gen-
eralized ellipsometry measurements, is performed in two stages. The first stage does
not involve assumptions about a physical lineshape model. The second stage applies the
eigendielectric displacement vector summation approach described above.
Stage 1, according to Eqs. 2.1, the elements of experimentally determined ε and ε−1
are plotted versus wavelength, and ωTO,l and ωLO,l, are determined from extrema in ε and
ε−1, respectively. Eigenvectors eˆTO,l and eˆLO,l can be estimated by solving Eq. 2.1(c) and
2.1(d), respectively.
Stage 2, step (i): Eqs. 2.9 are used to match simultaneously all elements of the ex-
perimentally determined tensors ε and ε−1. As a result, ε∞ and eigenvector, amplitude,
frequency, and broadening parameters for all TO modes are obtained. Step (ii): (Bu sym-
metry) The generalized dielectric function (Eq. 2.6) is used to determine the LO mode
20 Chapter 2. Anisotropy, phonon modes, and lattice anharmonicity of CdWO4
frequency and broadening parameters. All other parameters in Eq. 2.6 are taken from
step (i). The eigenvectors eˆLO,l are calculated by solving Eq. 2.1(d). (Au symmetry) The
BUL form is used to parameterize εzz and −ε−1zz in order to determine the LO mode
frequency and broadening parameters.
2.3.4 Generalized Ellipsometry
Generalized ellipsometry is a versatile concept[19, 45–47] for analysis of optical proper-
ties of generally anisotropic materials in bulk (e.g., rutile,[42], stibnite,[44]) as well as in
multiple-layer stacks (e.g., pentacene films[48], group-III nitride heterostructures,[49–51]
and metamaterials[52–54]). A multiple sample, multiple azimuth, and multiple angle of
incidence approach is required for monoclinic CdWO4, following the same approach used
previously for monoclinic β-Ga2O3.[15] Multiple, single crystalline sample cuts under dif-
ferent angles from the same crystal must be investigated and analyzed simultaneously.
2.3.4.1 Mueller matrix formalism
In generalized ellipsometry, either the Jones or the Mueller matrix formalism can be used
to describe the interaction of electromagnetic plane waves with layered samples [38, 39,
55–57]. In the Mueller matrix formalism, real-valued Mueller matrix elements connect the
Stokes parameters of the electromagnetic plane waves before and after sample interaction
⎛
⎜⎜⎜⎜⎝
S0
S1
S2
S3
⎞
⎟⎟⎟⎟⎠
output
=
⎛
⎜⎜⎜⎜⎝
M11 M12 M13 M14
M21 M22 M23 M24
M31 M32 M33 M34
M41 M42 M43 M44
⎞
⎟⎟⎟⎟⎠
⎛
⎜⎜⎜⎜⎝
S0
S1
S2
S3
⎞
⎟⎟⎟⎟⎠
input
. (2.10)
with the Stokes vector components defined by S0 = Ip + Is, S1 = Ip − Is, S2 = I45 − I−45,
S3 = Iσ+ − Iσ−, where Ip, Is, I45, I−45, Iσ+, and Iσ−denote the intensities for the p-, s-,
+45◦, -45◦, right handed, and left handed circularly polarized light components, respec-
tively [57]. The Mueller matrix renders the optical sample properties at a given angle of in-
cidence and sample azimuth, and data measured must be analyzed through a best match
model calculation procedure in order to extract relevant physical parameters.[58, 59]
2.3.4.2 Model analysis
The 4× 4 matrix formalism is used to calculate the Mueller matrix. We apply the half-
infinite two-phase model, where ambient (air) and monoclinic CdWO4 render the two
half infinite mediums separated by the plane at the surface of the single crystal. The for-
malism has been detailed extensively. [38, 45, 47, 47, 57] The only free parameters in this
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approach are the elements of the dielectric function tensor of the material with monoclinic
crystal symmetry, and the angle of incidence. The latter is set by the instrumentation. The
wavelength only enters this model explicitly when the dielectric function tensor elements
are expressed by wavelength dependentmodel functions. This fact permits the determina-
tion of the dielectric function tensor elements in the so-called wavelength-by-wavelength
model analysis approach.
2.3.4.3 Wavelength-by-wavelength analysis
Two coordinate systems must be established such that one that is tied to the instrument
and another is tied to the crystallographic sample description. The system tied to the
instrument is the system in which the dielectric function tensor must be cast into for the
4×4 matrix algorithm. We chose both coordinate systems to be Cartesian. The sample
normal defines the laboratory coordinate system’s zˆ axis, which points into the surface
of the sample.[15, 45] The sample surface then defines the laboratory coordinate system’s
xˆ - yˆ plane. The sample surface is at the origin of the coordinate system. The plane of
incidence is the xˆ - zˆ plane. Note that the system ( xˆ, yˆ, zˆ) is defined by the ellipsometer
instrumentation through the plane of incidence and the sample holder. One may refer to
this system as the laboratory coordinate system. The system (x, y, z) is fixed by our choice
to the specific orientation of the CdWO4 crystal axes, a, b, and c as shown in Fig. 2.1 with
vector c defined for convenience perpendicular to a− b plane. One may refer to system
(x, y, z) as our CdWO4 system. Then, the full dielectric tensor in the 4×4matrix algorithm
is
ε =
⎛
⎜⎝
εxx εxy 0
εxy εyy 0
0 0 εzz
⎞
⎟⎠ , (2.11)
with elements obtained by setting εxx, εxy, εyy, and εzz as unknown parameters. Then,
according to the crystallographic surface orientation of a given sample, and according to
its azimuth orientation relative to the plane of incidence, a Euler angle rotation is applied
to ε. The sample azimuth angle, typically termed ϕ, is defined by a certain in plane
rotation with respect to the sample normal. The sample azimuth angle describes the
mathematical rotation that a model dielectric function tensor of a specific sample must
make when comparing calculated data with measured data from one or multiple samples
taken at multiple, different azimuth positions.
As first step in data analysis, all ellipsometry data were analyzed using a wavelength-
by-wavelength approach. Model calculated Mueller matrix data were compared to exper-
imental Mueller matrix data, and dielectric tensor values were varied until best match
was obtained. This is done by minimizing the mean square error (χ2) function which
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is weighed to estimated experimental errors (σ) determined by the instrument for each
data point [19, 38, 42, 43, 47]. The error bars on the best match model calculated tensor
parameters then refer to the usual 90% confidence interval. All data obtained at the same
wavenumber from multiple samples, multiple azimuth angles, and multiple angles of inci-
dence are included (polyfit) and one set of complex values εxx, εxy, εyy, and εzz is obtained.
This procedure is simultaneously and independently performed for all wavelengths. In
addition, each sample requires one set of 3 independent Euler angle parameters, each set
addressing the orientation of axes a, b, c at the first azimuth position where data were
acquired.
2.3.4.4 Model dielectric function analysis
A second analysis step is performed by minimizing the difference between the wavelength-
by-wavelength extracted εxx, εxy, εyy, and εzz spectra and those calculated by Eqs. (2.9). All
model parameters were varied until calculated and experimental data matched as close
as possible (best match model). For the second analysis step, the numerical uncertainty
limits of the 90% confidence interval from the first regression were used as “experimen-
tal” errors σ for the wavelength-by-wavelength determined εxx, εxy, εyy, and εzz spectra. A
similar approach was described, for example, in Refs. 15, 38, 42, 43, 60. All best match
model calculations were performed using the software package WVASE32TM (J. A. Wool-
lam Co., Inc.).
2.4 Experimental
Two single crystal samples of CdWO4 with different cuts, (001) and (010) surface orien-
tations, were purchased from MTI Corp. Both samples were double side polished with
dimensions of 10mm×10mm×0.5mm for the (001) crystal and 10mm×10mm×0.2mm for
the (010) crystal.
MIR and FIR GSE were performed at room temperature on both samples. The IR-
GSE measurements were performed on a rotating compensator infrared ellipsometer
(J. A. Woollam Co., Inc.) in the spectral range from 250 – 1500 cm−1 with a spectral
resolution of 2 cm−1. The FIR-GSE measurements were performed on an in-house built
rotating polarizer rotating analyzer far-infrared ellipsometer in the spectral range from
50 – 500 cm−1 with an average spectral resolution of 1 cm−1. [61] All GSE measurements
were performed at 50◦, 60◦, and 70◦ angles of incidence. All measurements are reported
in terms of Mueller matrix elements, which are normalized to element M11. The IR instru-
ment determines the normalized Mueller matrix elements except for those in the forth
row. Note that due to the lack of a compensator for the FIR range in this work, neither
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element in the fourth row nor fourth column of the Mueller matrix is obtained with our
FIR ellipsometer. Data were acquired at 8 in-plane azimuth rotations for each sample.
The azimuth positions were adjusted by progressive, counterclockwise steps of 45 ◦.
2.5 Results and Discussion
2.5.1 DFT Phonon Calculations
The phonon frequencies and transition dipole components were computed at the Γ-point
of the Brillouin zone for a structure previously relaxed to near equilibrium using density
functional perturbation theory. [62] The results of the phonon mode calculations for all
long-wavelength active modes with Au and Bu symmetry are listed in Tabs. 2.2 and 2.3.
Data listed include the TO and LO resonance frequencies, and for modes with Bu sym-
metry the angles of the transition dipoles relative to axis a within the a − c plane. The
parameters of the LO modes were obtained as follows: For the Au modes, for which the
transition dipoles of TO and LO modes are parallel, by setting a small displacement from
the Γ point in the direction of b; For the Bu modes, for which the transition dipoles of TO
and LO modes do not need to be parallel, by probing the a − c plane with a step of 10
degrees. The parameters of the LO modes were then obtained by fitting a sin2 function
close to the maximum for each phonon mode. Renderings of atomic displacements for
each mode were prepared using XCrysDen∗ running under Silicon Graphics Irix 6.5, and
are shown in Fig. 2.2. Frequencies of TO modes calculated by Lacomba-Perales et al. (Ref.
9) using generalized gradient approximation DFT (GGA-DFT) are included in Tabs. 2.2
and 2.3. We note that data from Ref. 9 are considerably shifted with respect to ours, while
our calculated data agree very closely with our experimental results as discussed below.
2.5.2 Mueller matrix analysis
Figs. 2.3 and 2.4 depict representative experimental and best match model calculated
Mueller matrix data for the (001) and (010) surfaces investigated in this work. Insets in
Figs. 2.3 and 2.4 show schematically axis b within the sample surface and perpendicular
to the surface, respectively, and the plane of incidence is also indicated. Graphs depict
selected data, obtained at 3 different sample azimuth orientations each 45◦ apart. Pan-
els with individual Mueller matrix elements are shown separately, and individual panels
are arranged according to the indices of the Mueller matrix element. It is observed by
experiment as well as by model calculations that all Mueller matrix elements are sym-
metric, i.e., Mij = Mji. Hence, elements with Mij = Mji, i.e., from upper and lower
∗Code available from http://www.xcrysden.org. Ref. 63
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Figure 2.3: Experimental (dotted, green lines) and best match model calculated (solid, red
lines) Mueller matrix data obtained from a (001) surface at three representative sample
azimuth orientations. (P1: ϕ = −1.3(1)◦, P2: ϕ = 43.7(1)◦, P3: ϕ = 88.7(1)◦). Data
were taken at three angles of incidence (Φa = 50◦, 60◦, 70◦). Equal Mueller matrix data,
symmetric in their indices, are plotted within the same panels for convenience. Vertical
lines indicate wavenumbers of TO (solid lines) and LO (dotted lines) modes with Bu
symmetry (blue) and Au symmetry (brown). Fourth column elements are only available
from the IR instrument limited to approximately 250 cm−1. Note that all elements are
normalized to M11. The remaining Euler angle parameters are θ = 88.7(1) and ψ =
−1.3(1) consistent with the crystallographic orientation of the (001) surface. Note that in
position P1, axis b which is parallel to the sample surface in this crystal cut, is aligned
almost perpendicular to the plane of incidence. Hence, the monoclinic plane with a and
c is nearly parallel to the plane of incidence, and as a result almost no conversion of p
to s polarized light occurs and vice versa. As a result, the off diagonal block elements of
the Mueller matrix are near zero. The inset depicts schematically the sample surface, the
plane of incidence, and the orientation of axis b in P1.
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Figure 2.4: Same as Fig. 2.4 for the (010) sample at azimuth orientation P1: ϕ = 0.5(1)◦,
P2: ϕ = 45.4(1)◦, P3: ϕ = 90.4(1)◦. θ = 0.03(1) and ψ = 0(1), consistent with the crys-
tallographic orientation of the (010) surface. The inset depicts schematically the sample
surface, the plane of incidence, and the orientation of axis b, shown approximately for
position P1.
diagonal parts of the Mueller matrix, are plotted within the same panels. Therefore, the
panels represent the upper part of a 4× 4 matrix arrangement. Because all data obtained
are normalized to element M11, and because M1j = Mj1, the first column does not ap-
pear in this arrangement. The only missing element is M44, which cannot be obtained
in our current instrument configuration due to the lack of a second compensator. Data
are shown for wavenumbers (frequencies) from 80 cm−1 – 1100 cm−1, except for column
M4j = Mj4 which only contains data from approximately 250 cm−1 – 1100 cm−1. All
other panels show data obtained within the FIR range (80 cm−1 – 500 cm−1) using our
FIR instrumentation and data obtained within the IR range (500 cm−1 – 1100 cm−1) using
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our IR instrumentation. Data from the remaining 5 azimuth orientations for each sample
at which measurements were also taken are not shown for brevity.
The most notable observation from the experimental Mueller matrix data behavior is
the strong anisotropy, which is reflected by the non vanishing off diagonal block elements
M13, M23, M14, and M24, and the strong dependence on sample azimuth in all elements.
A noticeable observation is that the off diagonal block elements in position P1 for the
(001) surface in Fig. 2.3 are close to zero. There, axis b is aligned almost perpendicular
to the plane of incidence. Hence, the monoclinic plane with a and c is nearly parallel
to the plane of incidence, and as a result almost no conversion of p to s polarized light
occurs and vice versa. As a result, the off diagonal block elements of the Mueller matrix
are near zero. The reflected light for s polarization is determined by εzz alone, while
the p polarization receives contribution from εxx, εxy, and εyy, which then vary with the
angle of incidence. A similar observation was made previously for a (2¯01) surface of
monoclinic β-Ga2O3.[15] While every data set (sample, position, azimuth, angle of inci-
dence) is unique, all data sets share characteristic features at certain wavelengths. Vertical
lines indicate frequencies, which further below we will identify with the frequencies of
all anticipated TO and LO phonon mode mode frequencies with Au and Bu symmetries.
All Mueller matrix data were analyzed simultaneously during the polyfit, wavelength-by-
wavelength best match model procedure. For every wavelength, up to 528 independent
data points were included from the different samples, azimuth positions, and angle of in-
cidence measurements, while only 8 independent parameters for real and imaginary parts
of εxx, εxy, εyy, and εzz were searched for. In addition, two sets of 3 wavelength indepen-
dent Euler angle parameters were looked for. The results of polyfit calculation are shown
in Figs. 2.3 and 2.4 as solid lines for the Mueller matrix elements. We note in Figs. 2.3
and 2.4 the excellent agreement between measured and model calculated Mueller matrix
data. Furthermore, the Euler angle parameters, given in captions of Figs. 2.3 and 2.4, are
in excellent agreement with the anticipated orientations of the crystallographic sample
axes.
2.5.3 Dielectric tensor analysis
The wavelength-by-wavelength best match model dielectric function tensor data obtained
during the polyfit are shown as dotted lines in Fig. 2.5 for εxx, εxy, εyy, and εzz, and in
Fig. 2.6 as dotted lines for ε−1xx , ε−1xy , ε−1yy , and ε−1zz . A detailed preview into the phonon mode
properties of CdWO4 is obtained here without physical lineshape analysis. In Fig. 2.5, a
set of frequencies can be identified among the tensor elements ε xx, εxy, εyy, where their
magnitudes approach large values. In particular, the imaginary parts reach large values.
These frequencies are common to all elements εxx, εxy, εyy, and thereby reveal the frequen-
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Figure 2.5: Dielectric function tensor element εxx (a), εxy (b), εyy (c), and εzz (d). Dotted
lines (green) indicate results from wavelength-by-wavelength best match model regres-
sion analysis matching the experimental Mueller matrix data shown in Figs. 2.4 and 2.3.
Solid lines are obtained from best match model lineshape analysis using Eqs. 2.9 with
Eq. 2.4. Vertical lines in panel group [(a), (b), (c)], and in panel (d) indicate TO frequen-
cies with Bu and Au symmetry, respectively. Vertical bars in (a), (c), and (d) indicate DFT
calculated long-wavelength transition dipole moments in atomic units projected onto axis
x, y, and z, respectively.
cies of 8 TO modes with Bu symmetry. The same consideration holds for εzz revealing
7 TO modes with Au symmetry. The imaginary part of εxy exhibits positive as well as
negative extrema at these frequencies, and which is due to the respective eigendielectric
displacement unit vector orientation relative to axis a. As can be inferred from Eq. 2.9(b),
the imaginary part of εxy takes negative (positive) values when αTO,l is within {0 · · · − π}
({0 . . . π}). Hence, Bu TO modes labeled 2, 6, and 7 are oriented with negative angle to-
wards axis a. A similar observation can be made in Fig. 2.6, where a set of frequencies can
be identified among the tensor elements ε−1xx , ε−1xy , ε−1yy when magnitudes approach large
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Figure 2.6: Same as Fig. 2.5 for the inverse dielectric tensor elements. Vertical lines in
panel group [(a), (b), (c)], and in panel (d) indicate LO frequencies with Bu and Au sym-
metry, respectively.
values. These frequencies are again common to all elements ε−1xx , ε−1xy , ε−1yy , and thereby re-
veal the frequencies of 8 LO modes with Bu symmetry. The same consideration holds for
εzz revealing 7 LO modes with Au symmetry. The imaginary part of ε−1xy attains positive
as well as negative extrema at these frequencies, and which is due to the respective LO
eigendielectric displacement unit vector orientation relative to axis a. We note that de-
picting the imaginary parts of ε and ε−1 alone would suffice to identify the phonon mode
information discussed above. We further note that the inverse tensor does not contain
new information, however, in this presentation the properties of the two sets of phonon
modes are most conveniently visible. We finally note that up to this point no physical
lineshape model was applied.
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2.5.4 Phonon mode analysis
Table 2.2: Phonon parameters for modes with Bu symmetry. Experimental parameters
for the TO mode resonance frequency (ωTO,l), TO mode broadening (γTO,l), eigendielectric
displacement unit vector orientation of the TO mode (αTO,l), amplitude (Al), and anhar-
monic broadening (Γl) are obtained by best match model analysis of ε and ε−1 using
model functions in Eq. 2.4. Experimental parameters for the LO mode resonance fre-
quency (ωLO,l) and LO mode broadening (γLO,l) are obtained from Eq. 2.6. Experimental
parameters for the orientation of the eigendielectric displacement unit vector of the LO
mode (αLO,l) are obtained from numerical solution of Eq. 2.1(d) and ε expressed by model
functions in Eq. 2.4 with all broadening parameters set to zero. All angles are give with
respect to axis a. The last digit, which is determined within the 90% confidence interval,
is indicated with brackets for each parameter.
X = Bu
Parameter l=1 2 3 4 5 6 7 8
Calc.
[This work]
AXl ((eB)
2/2) 2.61 3.31 0.29 1.38 0.12 0.18 0.27 0.10
ωXTO,l (cm
−1) 786.47 565.46 458.33 285.00 264.05 225.70 156.97 108.50
αTO,l (◦) 22.9 111.5 8.3 69.9 59.8 126.8 157.2 28.3
ωXLO,l (cm
−1) 897 749 476 366 266 242 184 119
αLO,l (◦) 26 113 21 63 180 154 167 30
Exp.
[This work]
ωXTO,l (cm
−1) 779.5(1) 549.0(1) 450.6(2) 276.3(1) 265.2(2) 227.3(1) 149.1(1) 98.1(1)
γX
TO,l (cm
−1) 15.0(1) 15.3(1) 12.5(4) 11.3(1) 12.0(4) 5.0(1) 5.7(1) 3.5(1)
αTO,l (◦) 24.3(1) 113.1(1) 0.8(8) 65.6(1) 81.9(4) 127.6(5) 145.1(3) 18.9(3)
AXl (cm
−1) 908(1) 1018(1) 279(2) 645(3) 326(6) 236(1) 294(1) 236(1)
ΓXl (cm
−1) 31(1) -22(2) -17(2) -67(7) 88(8) 7(1) -27(1) 70(1)
ωXLO,l (cm
−1) 901.4(1) 754.4(1) 466.5(1) 369.8(1) 269.1(2) 243.5(1) 180.0(1) 117.0(1)
γX
LO,l (cm
−1) 5.6(1) 20.2(2) 16.6(2) 9.1(1) 12.9(4) 5.1(1) 8.0(1) 7.5(2)
αLO,l (◦) 33.8 112.5 20.2 57.4 148.4 155.2 162.0 21.9
Calc.
[Ref. 9]
ωXTO,l (cm
−1) 743.6 524.2 420.9 255.2 252.9 225.9 145.0 105.6
Exp.
[Ref. 13]
ωXLO,l (cm
−1) 910 755 475 372 272 245 182 118
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Table 2.3: Same as for Tab. 2.2 but for phonon modes with Au symmetry. Note that eˆTO,l
and eˆLO,l are parallel to axis b for all modes.
X = Au
l=1 2 3 4 5 6 7
Calc. [This work]
AXl ((eB)
2/2) 0.52 1.47 0.65 0.28 0.43 0.03 0.15
ωXTO,l (cm
−1) 863.40 669.13 510.16 407.97 329.74 285.88 138.11
ωXLO,l (cm
−1) 899.64 747.17 540.84 423.36 351.6 287.32 155.02
Exp. [This work]
ωXTO,l (cm
−1) 866.6(1) 653.7(1) 501.0(1) 400.3(1) 341.2(1) 285.5(8) 121.8(1)
γXTO,l (cm
−1) 7.5(1) 15.8(1) 15.1(2) 10.2(2) 3.4(1) 17(1) 2.0(1)
AXl (cm
−1) 392(1) 679(1) 445(1) 299(1) 364(1) 93(6) 226(1)
ΓXl (cm
−1) 8.6(3) 14(1) -29(1) -24(1) -16(1) 57(3) -9.4(4)
ωXLO,l (cm
−1) 904.0(1) 742.4(1) 532.8(1) 418.0(1) 360.2(1) 286.8(1) 144.0(1)
γXLO,l (cm
−1) 5.1(1) 15.0(1) 19.5(2) 12.1(1) 3.5(1) 11.8(2) 3.5(1)
Calc. [Ref. 9]
ωX
TO,l (cm
−1) 839.1 626.8 471.4 379.4 322.1 270.1 121.5
Exp. [Ref. 13]
ωXLO,l (cm
−1) 912 755 530 422 362 - 148
TO modes:
Figs. 2.5 and 2.6 depict solid lines obtained from the best match mode calculations using
Eqs. 2.9 and the anharmonic broadened Lorentz oscillator functions in Eq. 2.4. We find
excellent match between all spectra of both tensors ε and ε−1. The best match model pa-
rameters are summarized in Tabs. 2.2 and 2.3. As a result, we obtain amplitude, broaden-
ing, frequency, and eigendielectric displacement unit vector parameters for all TO modes
with Au and Bu symmetries. We find 8 TO mode frequencies with Bu symmetry and 7
with Au symmetry. Their frequencies are indicated by vertical lines in panel group [(a),
(b), (c)] and panel (d) of Fig. 2.5, respectively, and which are identical to those observed by
the extrema in the imaginary parts of the dielectric tensor components discussed above.
As discussed in Sect. 2.3.3, element εxy provides insight into the relative orientation of
the eigendielectric displacement unit vectors for each TO mode within the a - c plane. In
particular, modes Bu-2, Bu-6, and Bu-7 reveal eigenvectors within the interval {0 · · · − π},
and cause negative imaginary resonance features in εxy. Accordingly, their eigendielec-
tric displacement unit vectors in Tab. 2.2 reflect values larger than 90◦. The remaining
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mode unit vectors possess values between {0 . . . π} and their resonance features in the
imaginary part of εxy are positive.
Previous reports have been made of CdWO4 TO mode frequencies and their symmetry
assignments for [6–8, 13], however, none provide a complete set of IR active TO and LO
modes and their eigendielectric displacement unit vectors. Due to biaxial anisotropy from
the monoclinic crystal, reflectivity measurements do not provide enough information
to determine directions of the TO eigenvectors. No previously determined TO mode
frequencies could be accurately compared here. See also discussion below in paragraph
“LO modes”.
TO displacement unit vectors:
A schematic presentation of the oscillator function amplitude parameters ABul and the
mode vibration orientations according to angles αTO,l from Tab. 2.2 within the a - c plane
is shown in Fig. 2.7(a). In Fig. 2.7(b) we depict the projections of the DFT calculated long-
wavelength transition dipole moments (intensities) onto axes a and c, for comparison.
Overall, the agreement is remarkably good between the TO mode eigendielectric dis-
placement vector distribution within the a - c plane obtained from GSE and DFT results.
We note that the angular sequence of the Bu mode eigenvectors follows those obtained
by GSE analysis. Overall, the DFT calculated angles α agree to within less than 22◦ of
those found from our GSE model analysis. Note that the eigendielectric displacement
vectors describe a uni-polar property without a directional assignment. Hence, α and
α ± π render equivalent eigendielectric displacement vector orientations.
LO modes:
We use the generalized coordinate-invariant form of the dielectric function in Eq. 2.6 and
match the function εxxεyy − ε2xy obtained from the wavelength-by-wavelength obtained
tensor spectra. All Bu TO mode parameters, and parameters ε∞,xxε∞,yy − ε2∞,xy are used
from the previous step. Fig. 2.8 presents the imaginary parts of the functions εxxεyy − ε2xy,
and −(εxxεyy − ε2xy)−1. The best-match model calculated data are obtained using the BUL
form[24, 25] to represent the coordinate invariant generalization of the dielectric function
for materials with monoclinic symmetry, suggested in this present work. The presentation
of the imaginary parts of the function and its inverse highlights the TO modes and LO
modes as the broadened poles, respectively. The form results in an excellent match to the
function calculated from the wavelength-by-wavelength experimental data analysis. Both
TO and LO mode frequencies and broadening parameters can be determined, in principle,
and regardless of their unit vector orientation and amplitude parameters. However, in our
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Figure 2.7: (a): Schematic presentation of the Bu symmetry TO mode eigendielectric
displacement unit vectors within the a - c plane according to TO mode amplitude param-
eters ABul and orientation angles αTO,l with respect to axis a obtained from GSE analysis
(Tab. 2.2). (b) DFT calculated Bu mode TO phonon mode long-wavelength transition
dipoles (intensities) in coordinates of axes a and c (Fig. 2.1).
analysis here, we assumed values for all TO modes and only varied LO mode parameters,
indicated by vertical lines in Fig. 2.8. As a result, we find 8 LO modes with Bu symmetry,
and their broadening parameters, which are summarized in Tab. 2.2. An observation
made in this work is noted by the spectral behavior of the imaginary parts of εxxεyy −
ε2xy and -(εxxεyy − ε2xy)−1, which are found always positive throughout the spectral range
investigated. This suggests that the generalized coordinate-invariant form of the dielectric
function in Eq. 2.6 (and the negative of its inverse) possesses positive imaginary parts as
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Figure 2.8: Real and imaginary parts of the coordinate invariant generalized monoclinic
dielectric function εxxεyy− ε2xy (left panels) and -(εxxεyy− ε2xy)−1 (right panels). Best-match
model calculated data using the Berremann-Unterwald-Lowndes (BUL) form (solid lines)
provide excellent match to “experimental” data (dotted lines) obtained from wavelength-
by-wavelength generalized spectroscopic ellipsometry data analysis. Both TO and LO
mode frequencies and broadening parameters can be determined, regardless of their unit
vector orientation and amplitude parameters. Vertical lines indicate Bu mode TO (dashed
lines) and LO frequencies (dash dotted lines). Note that the imaginary parts of ε xxεyy− ε2xy
and -(εxxεyy − ε2xy)−1 are found positive throughout the spectral range investigated.
a result of energy conservation. A direct proof for this statement is not available at this
point and will be presented in a future work.
The BUL form is used for analysis of functions εzz and ε−1zz for LO modes with Au
symmetry. All TO mode parameters, and ε∞,zz are used from the previous step. We
find 7 LO modes, and their parameter values are summarized in Tab. 2.3. The best
match calculated data and the wavelength-by-wavelength obtained spectra are depicted
in Fig. 2.5 for εzz (panel [d]), and Fig. 2.6 for ε−1zz (panel [d]).
Burshtein et al. (Ref. 13) investigated CdWO4 using reflectance measurements with an
angle of incidence of about 10◦ in the 50–5000 cm−1 spectral region and assigned 14 long-
wavelength active modes. The model analysis assumed isotropic sample properties, and
ignored the angle of incidence dependence. TO and LO modes were assigned from poles
and zeros in series of effective dielectric function spectra obtained from Kramers-Kronig
integration of the reflectance spectra. TO and LO mode eigendielectric displacement unit
vectors were not provided. TO modes do not agree with our findings, while the LO
modes are in good agreement. The latter can be explained because the a-c plane dielec-
tric function tensor determinant vanishes at LO frequencies. Hence, polarized reflectance
spectra taken in the a-c plane reveal loss at the LO frequencies common to all spectra
34 Chapter 2. Anisotropy, phonon modes, and lattice anharmonicity of CdWO4
regardless of the polarization direction. (A proof for this statement can be found by the
correct description of the anisotropic reflectance, e.g., in Eq. 14 of Ref. 64.) Accordingly,
the polarization-dependent effective dielectric function spectra determined in Ref. 13 all
reveal zero crossings in the real part of the polarization-dependent effective dielectric
functions at the LO modes. Thus, the LO mode frequencies obtained from monoclinic
materials by an erroneous isotropic assumption can be accurate. However, the LO mode
unit vectors could not be found. [13] TO modes determined from reflectance analysis
assuming isotropic boundary conditions are erroneous. The poles appearing in the ef-
fective dielectric functions shift with the polarization condition, and no unambiguous
assignment of frequencies was given by Burshtein et al. Here, the LO mode frequencies
assigned in Ref. 13 are included in Tabs. 2.2 and 2.3 for comparison.
LO displacement unit vectors:
The LOmode eigendielectric displacement unit vectors are parallel to axis b for Au modes,
and located within the a - c plane for Bu modes. The angular parameters αLO,l given in
Tabl. 2.2 provide the angle between the respective unit vector and axis c. The experimental
parameters are obtained from numerical solution of Eq. 2.1d and ε expressed by model
functions in Eq. 2.4 with all broadening parameters set to zero.
Schubert-Tiwald-Herzinger condition:
The condition for the TO and LO broadening parameters in materials with multiple
phonon modes and orthorhombic and higher crystal symmetry (Eq. 2.7) is fulfilled for
polarization along axis b (See Tab. 2.3). The application of this rule for the TO and LO
mode broadening parameters for phonon modes with their unit vectors within the mon-
oclinic plane, and with general orientations in triclinic materials has not been derived
yet. Hence, its applicability to modes with Bu symmetry is speculative. However, we
do find this rule fulfilled when summing over all differences between TO and LO mode
broadening parameters in Tab. 2.2.
“TO-LO rule”
In materials with multiple phonon modes, a so-called TO-LO rule is commonly observed.
According to this rule, a given TO mode is always followed first by one LO mode with
increasing frequency (wavenumber). This rule can be derived from the eigendielectric
displacement vector summation approach when the unit vectors and functions  l possess
highly symmetric properties. A requirement for the TO-LO rule to be fulfilled can be
suggested here, where the TO and LO modes must possess parallel unit eigendielectric
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displacement vectors. For example, this is the case for polarization along axis b, hence,
the TO-LO rule is found fullfilled for the 7 pairs of TO and LO modes with Au symme-
try. For the TO and LO modes with Bu symmetry, none of their unit vector is parallel
to one another, hence, the TO-LO rule is not applicable. For monoclinic β-Ga2O3 we ob-
served that the rule was broken. The explanation was given by the fact that the phonon
mode eigendielectric displacement vectors are not parallel within the a − c plane.[15]
Nonetheless, we note that the rule is not broken for CdWO4. Whether or not the TO-LO
rule is violated in a monoclinic (or triclinic) material may depend on the strength of the
individual phonon mode displacement amplitude and their orientation.
Table 2.4: Best match model parameters for high frequency dielectric constants. The static
dielectric constants are obtained from extrapolation to ω = 0. The S-LST relation is found
valid with TO and LO modes given in Tabs. 2.2 and 2.3.
εxx (a) εyy (c) εxy εzz(b)
ε∞,(j) 4.46(1) 4.81(1) 0.086(6) 4.25(1)
εDC,(j) 16.16(1) 16.01(1) 1.05(1) 11.56(1)
Static and high frequency dielectric constant:
Tab. 2.4 summarizes static and high frequency dielectric constants obtained in this work.
Parameter values for εDC were estimated from extrapolation of the tensor elements in the
wavelength-by-wavelength determined ε. Values for εDC,xx and εDC,yy agree well with the
value of 17 given by Shevchuk and Kayun[14] measured at 1 kHz on a (010) surface. We
find that with the data reported in Tabs. 2.2 and 2.3 as well as Tab. 2.4, the S-LST relation
in Eq. 2.8 is fulfilled.
2.6 Conclusions
A dielectric function tensor model approach suitable for calculating the optical response
of monoclinic and triclinic symmetry materials with multiple uncoupled long-wavelength
active modes was applied to monoclinic CdWO4 single crystal samples. Different single
crystal cuts, (010) and (001), are investigated by generalized spectroscopic ellipsometry
within MIR and FIR spectral regions. We determined the frequency dependence of 4 in-
dependent CdWO4 Cartesian dielectric function tensor elements by matching large sets
of experimental data using a polyfit, wavelength-by-wavelength data inversion approach.
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From matching our monoclinic model to the obtained 4 dielectric function tensor compo-
nents, we determined 7 pairs of transverse and longitudinal optic phonon modes with Au
symmetry, and 8 pairs with Bu symmetry, and their eigenvectors within the monoclinic
lattice. We report on density functional theory calculations on the MIR and FIR optical
phonon modes, which are in excellent agreement with our experimental findings. We
also discussed and presented monoclinic dielectric constants for static electric fields and
frequencies above the reststrahlen range, and we observed that the generalized Lyddane-
Sachs-Teller relation is fulfilled excellently for CdWO4.
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Chapter 3
Anisotropy and phonon modes from
analysis of the dielectric function
tensor and inverse dielectric function
tensor of monoclinic yttrium
orthosilicate
3.1 Abstract
We determine the frequency dependence of the four independent Cartesian tensor ele-
ments of the dielectric function for monoclinic symmetry Y2SiO5 using generalized spec-
troscopic ellipsometry from 40-1200 cm−1. Three different crystal cuts, each perpendicu-
lar to a principle axis, are investigated. We apply our recently described augmentation of
lattice anharmonicity onto the eigendielectric displacement vector summation approach
[A. Mock et al., Phys. Rev. B 95, 165202 (2017)], and we present and demonstrate the
application of an eigendielectric displacement loss vector summation approach with an-
harmonic broadening. We obtain excellent match between all measured and model calcu-
lated dielectric function tensor elements and all dielectric loss function tensor elements.
We obtain 23 Au and 22 Bu symmetry long wavelength active transverse and longitudinal
optical mode parameters including their eigenvector orientation within the monoclinic lat-
tice. We perform density functional theory calculations and obtain 23 Au symmetry and
22 Bu transverse and longitudinal optical mode parameters and their orientation within
the monoclincic lattice. We compare our results from ellipsometry and density functional
theory and find excellent agreement. We also determine the static and above reststrahlen
42 Chapter 3. Anisotropy and phonon modes of monoclinic Y2SiO5
spectral range dielectric tensor values and find a recently derived generalization of the
Lyddane-Sachs-Teller relation for polar phonons in monoclinic symmetry materials satis-
fied [M. Schubert, Phys. Rev. Lett. 117, 215502 (2016)].
3.2 Introduction
The optical properties of rare-earth ion doped single crystal materials have been the
focus of substantial interest over the recent past. Their unique optical properties ren-
der these materials highly suitable, for example, in optical applications as active laser
mediums[65–70], in optical signal processing[71, 72] and in quantum optics.[73–75] Rare-
earth Ce3+ or Eu3+ doped monoclinic yttrium orthosilicate (Y2SiO5) can be used as phos-
phorous material[76–80] or as scintillator material for detection of x-rays and γ-rays[81].
Cr4+ doped Y2SiO5 has been studied for use as saturable absorber in Q-switching laser
devices.[82, 83] Y2SiO5 has been investigated for use in quantum optical information
technologies[84, 85]. Pr3+ doped Y2SiO5 was investigated for electromagnetically induced
transparency[86].
Despite its wide use in visible spectral range optical applications a rather incomplete
knowledge seems to exist about its accurate long-wavelength optical properties. For ex-
ample, a complete set of the transverse optical (TO) and longitudinal optical (LO) phonon
mode frequencies, amplitudes, and eigendielectric displacement vectors has not been de-
termined, neither by theory nor by experiment. Infrared (IR) spectra measurements and
a tentative phonon band assignment was performed by Lazarev et al. (Ref. 87). Raman in-
vestigations have been performed by Voron’ko et al. (Ref. 88) and by Zheng et al. (Ref. 89)
Fourier transform IR (FT-IR) spectroscopy analysis with incomplete TO mode assignment
was performed recently by Ho¨fer et al. (Ref. 90). The LO mode parameters remain ob-
scure thus far. To our best knowledge, no phonon mode calculations were performed for
this material despite its intriguing visible spectral range optical properties.
In this work, we provide a spectroscopic investigation of the long-wavelength anisotropic
properties of Y2SiO5 by generalized spectroscopic ellipsometry (GSE). GSE is a conve-
nient, contactless, non-destructive technique, which utilizes polarization of light transmit-
ted through or reflected off an arbitrarily anisotropic sample allowing for the determina-
tion of both the real and imaginary parts of all nine complex dielectric function tensor
elements. Recently, GSE has been used to characterize monoclinic materials. Jellison et al.
first reported on determination of the dielectric function of a monoclinic crystal cadmium
tungstate (CdWO4 or CWO) using GSE in the spectral range of 1.5 to 4 eV and reported
the need for four independent dielectric function tensor elements when describing the
full spectral response of the monoclinic samples.[139] This requirement differed from
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Figure 3.1: (a) Unit cell of Y2SiO5, crystallographic axes (a, b, c), principle directions of
the biaxial optic indicatrix (D1, D2, D3) as described by Li et al.[65] (D3 is collinear with b)
and sample Cartesian coordinate system (x, y, z) used in this work. (b) View onto the a -
c plane along axis b, which points into the plane. The laboratory coordinate axes x and y
are aligned with principle directions -D2 and -D1, respectively.
all previously GSE investigated anisotropic materials with orthorhombic, hexagonal, and
tetragonal crystal symmetries where a maximum of three independent tensor elements
sufficed.[319] Jellison et al. also reported on the determination of the four real values of
the dielectric function tensor of the monoclinic crystal lutetium oxyorthosilicate (Lu2SiO5
or LSO) using GSE in the spectral range of 200 to 850 nm.[115]
We have recently reported that an eigendielectric displacement vector summation
(EDVS) approach can be used as a physical model approach to explain and line-shape
match experimentally determined dielectric function tensor elements of materials with
monoclinic and triclinic symmetries.[91, 114] For long-wavelength excitations, the EDVS
approach is equivalent to the microscopic Born-Huang description of polar lattice vibra-
tions in the harmonic approximation.[193] The EDVS approach goes beyond the Born-
Huang description because it provides access to the LO mode properties including their
eigendielectric displacement loss directions. We applied the EDVS approach to mono-
clinic β-Ga2O3[91, 241] and CdWO4[140] and determined the complete set of transverse
and longitudinal long-wavelength excitations including their directions within the mono-
clinic lattices. It was further shown that the EDVS approach leads to a revised formulation
of the Lyddane-Sachs-Teller (LST) relation,[22] derived originally for isotropic materials,
for materials with monoclinic and triclinic crystal symmetries. In the generalized-LST
relation, the ratio of the determinants of the anisotropic static and high-frequency dielec-
tric permittivity tensors is related to the squares of the ratios of all LO and TO mode
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frequencies, respectively.[114]
We have described recently the need to augment anharmonic lattice broadening ef-
fects onto the EDVS approach for correct match of measured dielectric function spectra
from crystals with monoclinic symmetry. The anharmonic broadening was proposed
for orthorhombic and higher symmetry materials by Berreman and Unterwald[93] and
Lowndes[94] (BUL broadening). We successfully demonstrated the augmentation of the
BUL broadening for CdWO4.[140]
In this work, we demonstrate that the EDVS approach can be used to also describe the
complete dielectric loss response tensor for monoclinic materials. Thereby, we describe
the eigendielectric displacement loss vector summation (EDLVS) approach. The EDLVS
approach permits direct determination of the LO mode frequencies, broadening, ampli-
tude, and eigenpolarization direction parameters. This approach dispenses with the need
of numerical root finding algorithm in order to derive the LO mode frequencies from
the EDVS approach. Both approaches, EDVS and EDLVS, while mathematically form in-
variant and interchangeable, provide useful access to physical parameters of TO and LO
modes directly from measured quantities. We augment the same anharmonic broadening
(BUL broadening) onto the EDLVS approach, and demonstrate excellent match between
experimental and model calculated data sets for crystals of monoclinic Y2SiO5. Thereby,
we identify and determine the full set of long-wavelength active phononmodes for Y2SiO5.
In this paper, we discuss the results of multiple approaches, simultaneously performing
best-match calculation procedures using complex-valued spectra of the determinant and
the inverse determinant of the dielectric tensor, the dielectric tensor element spectra and
the inverse dielectric tensor element spectra.
In parallel with experimental studies, Y2SiO5 has been studied computationally us-
ing density functional theory. These studies were motivated by potential applications
of the material, for example, in barrier coatings (and hence focused on mechanical and
thermal properties, and defects[102, 103]); and as a host matrix for doping with rare-earth
elements.[104] To the best of our knowledge, there is no comprehensive density functional
theory (DFT) study of phonons in Y2SiO5 available so far. It is worth noting that Y2SiO5
is isostructural with a number of rare earth silicates, from Dy2SiO5 to Lu2SiO5.[105] Thus,
Y2SiO5 can be a convenient model system for a range of other materials.
3.3 Theory
3.3.1 Symmetry
Monoclinic Y2SiO5 belongs to the space group 15 (centered monoclinic). International Ta-
bles for Crystallography[95] list 18 alternative choices of the unit cell for this space group
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and several of them has been used for Y2SiO5 in the literature. The crystallographic stan-
dard for monoclinic cells require choosing a cell with the shortest two translations in the
net perpendicular to the symmetry direction b, with c<a, β non-acute, and appropriate
centering.[96, 97] In the case of Y2SiO5 these requirements are met by choosing the I2/c
cell, which we will consistently use throughout this paper. The structural parameters of
the unit cell are discussed in the next section.
3.3.2 Density Functional Theory
Table 3.1: Comparison between the experimental and theoretical lattice constants (in A˚;
monoclinic angle β in ◦).
Exp.a Exp.b Exp.c Exp.d Calc.e Calc.f Calc.g
a 12.38 12.64 12.490 12.469 12.402 12.33 12.847
b 6.689 6.82 6.721 6.710 6.6149 6.594 6.807
c 10.34 10.52 10.410 10.388 10.237 10.23 10.722
β 102.53 102.50 102.65 102.68 101.98 102.2 107.15
aRef. 98.
bRef. 99.
cRef. 100.
dRef. 101, Cr doped.
eThis work, LDA-PZ.
fRefs. 102 and103, LDA.
gRef. 104, LDA-OLCAO.
Theoretical calculations of long-wavelength active Γ-point phonon frequencies were
performed by plane wave density functional theory (DFT) using Quantum ESPRESSO
(QE)∗ We used the exchange correlation functional of Perdew and Zunger (PZ)[107]. We
employ optimized norm-conserving Vanderbilt (ONCV) scalar-relativistic pseudopotentials,[108]
which we generate for the PZ functional using the code ONCVPSP[109] with the opti-
mized parameters of the SG15 distribution of pseudopotentials.[110] The initial param-
eters of the unit cell and atomic positions were taken from Ref. 99. The calculations
were performed in a primitive cell p1 = a, p2 = b, p3 =(a+b+c)/2 appropriate for the
body-centered I2/c cell. The conversions between equivalent cells and the preparation
of the primitive cell were performed with the help of VESTA[111] and CIF2CELL.[112]
The initial structure was first relaxed to force levels less than 10−4 Ry Bohr−1. A regular
shifted 4× 4× 4 Monkhorst-Pack grid was used for sampling of the Brillouin zone.[113]
A convergence threshold of 1× 10−12 Ry was used to reach self consistency with a large
electronic wavefunction cutoff of 100 Ry. The comparison of resulting optimized cell pa-
∗Quantum ESPRESSO is available from http://www.quantum-espresso.org. See also: Ref. 106
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Table 3.2: Calculated equilibrium structural parameters of Y2SiO5 determined in this
work in comparison with selected literature values. Atomic positions are given in frac-
tional coordinates of a, b, and c respectively. For the sake of consistency literature data
from different sources has been converted to the same equivalent I2/c cell and atomic
positions and provided at the same level of accuracy.
Exp. (Ref. 99)
Y1 0.463 0.241 0.432
Y2 0.143 -0.380 0.308
Si -0.316 0.414 0.380
O1 0.126 0.287 0.292
O2 0.407 0.492 0.063
O3 0.204 0.372 0.029
O4 0.188 0.094 -0.216
O5 0.019 0.415 -0.375
Exp. (Ref. 100)
Y1 0.463 0.243 0.429
Y2 0.141 -0.378 0.306
Si -0.319 0.407 0.373
O1 0.118 0.287 0.300
O2 0.411 0.498 0.054
O3 0.202 0.343 0.032
O4 0.203 0.071 -0.237
O5 0.015 0.398 -0.382
Calc. (this work)
Y1 0.464 0.244 0.426
Y2 0.139 -0.368 0.307
Si -0.318 0.408 0.371
O1 0.117 0.293 0.300
O2 0.413 0.508 0.058
O3 0.202 0.353 0.029
O4 0.201 0.063 -0.246
O5 0.019 0.403 -0.381
rameters with the existing literature data are listed in Tables 4.2 (unit cell parameters)
and 3.2 (atomic positions). The relaxed cell was used for subsequent phonon calculations,
which are described in Section 3.5.1.
3.3.3 TO and LO mode frequencies and vectors
Two characteristic sets of eigenmodes can be defined from the frequency dependent di-
electric function tensor, ε(ω), and dielectric loss function tensor, ε−1(ω). These belong
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Bu-1 Au-1 Au-2 Bu-2 Au-3 Au-4 
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Bu-3 Bu-4 Au-5 Bu-5 Au-6 Bu-6 
Bu-13 Bu-14 Au-15 Bu-15 Au-16 Bu-16 
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Figure 3.2: Renderings of TO phonon modes in Y2SiO5 with Au and Bu symmetry as
labeled for each mode and presented in frequency order. The phonon mode frequency
parameters were calculated using Quantum Espresso and are presented in Tabs. 3.3 and
3.4.
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to the TO and LO modes. TO modes occur at frequencies in which dielectric resonance
occurs for electric fields along eˆl with eigendielectric displacement unit vectors then de-
fined as eˆl = eˆTO,l . Similarly, LO modes occur when the dielectric loss approaches infinity
for electric fields along eˆl with eigendielectric displacement unit vectors then defined as
eˆl = eˆLO,l . This can be written as:
|det{ε(ω = ωTO,l)}| → ∞, (3.1a)
|det{ε−1(ω = ωLO,l)}| → ∞, (3.1b)
ε−1(ω = ωTO,l)eˆTO,l = 0, (3.1c)
ε(ω = ωLO,l)eˆLO,l = 0, (3.1d)
where l is an index for multiple frequencies in the sets.[114]
3.3.3.1 The eigendielectric displacement approach
The dielectric tensor (ε(ω)):
The EDVS approach can be used to best-match model calculate the dielectric function
tensor of materials with monoclinic symmetry.[91, 114, 140] The dielectric function tensor
ε is obtained from a sum of all contributions from individual dielectric resonances with
displacement parallel to eˆTO,l , added to a high-frequency scalar tensor ε∞. The latter
accounts for all eigendielectric contributions from much shorter wavelengths,
ε = ε∞ +
N
∑
l=1
TO,l(eˆTO,l ⊗ eˆTO,l), (3.2)
where⊗ is the dyadic product and TO,l are wavelength dependent functions that describe
the responses of the l = 1, ...,N long wavelength active TO displacement modes. In this
approach, parameters in functions TO,l and directions eˆTO,l are directly accessible.
The dielectric loss tensor (ε−1(ω)):
The EDLVS approach can be used to best-match model calculate the inverse dielectric
function tensor of materials with monoclinic symmetry. The inverse dielectric function
tensor ε−1 is obtained from a sum of all contributions from individual dielectric loss
resonances with displacement parallel to eˆLO,l , added to a high-frequency scalar tensor
ε−1∞ . The latter accounts for all eigendielectric loss contributions from much shorter wave-
lengths,
ε−1 = ε−1∞ +
N
∑
l=1
LO,l(eˆLO,l ⊗ eˆLO,l), (3.3)
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where⊗ is the dyadic product and TO,l are wavelength dependent functions that describe
the responses of the l = 1, ...,N long wavelength active LO displacement loss modes. In
this approach, parameters in functions −1LO,l and directions eˆLO,l are directly accessible.
Without providing further proof, we state that the number of modes N in Eqs. 3.2 and
3.3 must always equal.
3.3.3.2 Model response functions
We use anharmonic broadened Lorentzian oscillator functions to describe the TO and LO
mode responses in Eqs. 3.2 and Eqs. 3.3, respectively.
k,l (ω) =
A2k,l − iΓk,lω
ω2k,l − ω2 − iωγk,l
. (3.4)
Here, Ak,l, ωk,l, γk,l, and Γk,l denote amplitude, resonance frequency, harmonic broaden-
ing, and anharmonic broadening parameter for TO (k=“TO”) or LO (k=“LO”) mode l,
respectively, and ω is the frequency of the driving electromagnetic field.
3.3.3.3 Coordinate-invariant generalized dielectric function with anharmonic
broadening
A factorized form of the dielectric function for long-wavelength active phonon modes
was described by Berreman and Unterwald[93] and by Lowndes[94] which allowed for
determination of TO and LO mode frequencies in materials with multiple phonon modes.
However, the Berreman-Unterwald-Lowndes (BUL) form was described under the as-
sumption that all phonon modes which contributed to a dielectric function or inverse
dielectric function under consideration must be polarized in the same crystal direction.
Recently, a generalized coordinate-invarient approach was described by Schubert, Ref. 114
which discussed how the determinant of the dielectric function tensor could be utilized
regardless of crystal symmetry:
det{ε(ω)} = det{ε∞}
N
∏
l=1
ω2
LO,l − ω2
ω2
TO,l − ω2
. (3.5)
This approach has recently been used by us for the analysis of monoclinic β-Ga2O3 and
CdWO4.[91, 140] Note that the coordinate-invariant generalized dielectric function can
reveal negative imaginary parts within distinct frequency intervals when the so-called
“TO-LO” rule is broken in materials with monoclinic symmetry. We will discuss such
occurrences in Section 3.5.4.3.
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Eq. 3.4 can be shown to directly transform into a BUL factorized form of the dielectric
function equivalent to the four parameter semiquantum (FPSQ) model suggested by Ger-
vais and Periou. The FPSQ model identifies γLO,l to account for lifetime broadenings of
LO modes different from those of associated TO modes, γTO,l.[116] This four parameter
model has been used for accurate description of the effects of anharmonic phonon mode
coupling in anisotropic materials.[116–119]
This inclusion of anharmonic broadening into the generalized coordinate-invarient
generalized dielectric function, modifies Eq. 3.5 into the form:
det{ε(ω)} = det{ε∞}
N
∏
l=1
ω2
LO,l − ω2 − iωγLO,l
ω2
TO,l − ω2 − iωγTO,l
. (3.6)
3.3.3.4 Coordinate-invariant generalized dielectric loss function with anharmonic
broadening
A function analogous to Eq. 3.6 can be obtained for the dielectric loss response, and which
has the following form
det{ε−1(ω)} = det{ε−1∞ }
N
∏
l=1
ω2TO,l − ω2 − iωγTO,l
ω2
LO,l − ω2 − iωγLO,l
. (3.7)
3.3.3.5 Coordinate system for Y2SiO5
For monoclinic Y2SiO5 we utilize the orthorhombic system D1 × D2 × b-axis (Fig. 4.1)
where D1 and D2 are parallel to the a-c plane and with our laboratory x aligned with -D2,
y aligned with -D1, and z aligned with axis b.
3.3.3.6 Dielectric function tensor model for Y2SiO5
23 TO modes with Au symmetry are polarized along axis b. 22 TO modes with Bu
symmetry are polarized within the a-c plane. The dielectric tensor elements for Y2SiO5
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are then rendered as:
εxx = ε∞,xx +
22
∑
l=1
BuTO,l cos
2 αTO,l , (3.8a)
εxy = ε∞,xy +
22
∑
l=1
BuTO,l sin αTO,l cos αTO,l , (3.8b)
εyy = ε∞,yy +
22
∑
l=1
BuTO,l sin
2 αTO,l , (3.8c)
εzz = ε∞,zz +
23
∑
l=1
AuTO,l , (3.8d)
εxz = εzx = εzy = εyz = 0, (3.8e)
where angle αTO,l denotes the orientation of the TO eigendielectric displacement vectors
with Bu symmetry relative to laboratory coordinate a axis.
3.3.3.7 Dielectric loss function tensor model for Y2SiO5
23 LO modes with Au symmetry are polarized along the axis b. 22 LO modes with
Bu symmetry are polarized within the a-c plane. The dielectric loss tensor elements for
Y2SiO5 are then rendered as:
ε−1xx = ε−1∞,xx +
22
∑
l=1
BuLO,l cos
2 αLO,l , (3.9a)
ε−1xy = ε−1∞,xy +
22
∑
l=1
BuLO,l sin αLO,l cos αLO,l , (3.9b)
ε−1yy = ε−1∞,yy +
22
∑
l=1
BuLO,l sin
2 αLO,l , (3.9c)
ε−1zz = ε−1∞,zz +
23
∑
l=1
AuLO,l , (3.9d)
ε−1xz = ε−1zx = ε−1zy = ε−1yz = 0, (3.9e)
where angle αLO,l denotes the orientation of the TO eigendielectric displacement vectors
with Bu symmetry relative to laboratory coordinate a axis.
3.3.3.8 Complementary parameter analysis
Eqs. 3.8 and 3.9, augmented with response functions in Eq. 3.4, are fully complementary,
and one set of parameters (ε∞, ATO,l ωTO,l , γTO,l , ΓTO,l , eˆTO,l) is in principle sufficient to
determine the other set of parameters (ε−1∞ , ALO,l ωLO,l , γLO,l, ΓLO,l , eˆLO,l). Analysis of
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experimental dielectric function data using Eq. 3.8 directly permits access to TO mode
parameters, including their orientations. Analysis of experimental dielectric loss function
data using Eqs. 3.9 directly permits access LO mode parameters, including their orienta-
tions. The immediate advantage of having wavelength-by-wavelength determined data
for a dielectric function tensor available is to also have its inverse then available. The di-
electric (loss) tensor elements reveal peak maxima in the imaginary parts that are directly
associated with TO (LO) modes. Hence, one can read by “eye inspection” already from
raw data where to anticipate TO and LO mode parameters.
Mayerho¨fer et al. determined LO mode frequencies from modeling reflectance data of
anisotropic materials parameterizing the dielectric function tensor using its inverse and
the LO mode parameter set.[120] We have previously shown that LO mode frequencies
in monoclinic materials can be determined by simply observing maxima in the inverse
dielectric tensor.[91] We have also shown that including this inverse tensor into the model
analysis yields improved sensitivity to anharmonic broadening parameters.[140] In this
work, we use both approaches and determine both sets of parameters, simultaneously
analyzing dielectric function tensor and inverse dielectric function data.
3.3.4 Generalized ellipsometry
Generalized ellipsometry has been successfully used previously to investigate anisotropic
materials including biaxial, uniaxial, and multilayeredmaterials as well as for metamaterials.[117–
119, 121–138] Recently, it has been applied to monoclinic materials as well.[91, 114, 139,
140, 142–144, 241] Following the same approach used previously for β-Ga2O3[91, 241]
and CdWO4[140], data from multiple samples, multiple azimuths, multiple angle of inci-
dences are investigated and analyzed simultaneously for Y2SiO5.
3.3.4.1 Mueller matrix formalization
In generalized ellipsometry, the Mueller matrix can be used to describe interaction of
electromagnetic plane waves with anisotropic samples. Real-valued 4×4 Mueller matrix
elements are obtained which connect the Stokes vector components before and after inter-
action with the sample,
⎛
⎜⎜⎜⎜⎝
S0
S1
S2
S3
⎞
⎟⎟⎟⎟⎠
output
=
⎛
⎜⎜⎜⎜⎝
M11 M12 M13 M14
M21 M22 M23 M24
M31 M32 M33 M34
M41 M42 M43 M44
⎞
⎟⎟⎟⎟⎠
⎛
⎜⎜⎜⎜⎝
S0
S1
S2
S3
⎞
⎟⎟⎟⎟⎠
input
. (3.10)
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with the Stokes vector components defined by S0 = Ip + Is, S1 = Ip − Is, S2 = I45 −
I−45, S3 = Iσ+ − Iσ−. Here, Ip, Is, I45, I−45, Iσ+, and Iσ−denote the intensities for the
p-, s-, +45◦, -45◦, right handed, and left handed circularly polarized light components,
respectively [145].
3.3.4.2 Wavelength-by-wavelength analysis
In order to extract physical parameters, data must be analyzed through a best match
model calculation procedure. We apply a half-infinite, two phase model to Y2SiO5 where
two half-infinite mediums, ambient (air) and monoclinic Y2SiO5, are separated by the
planar surface of the crystal.[145–149] In this approach, the Euler angles describing the
orientation of the crystal axes and the elements of the monoclinic dielectric tensor are
considered free parameters. The dielectric function tensor elements are expressed as
wavelength dependent model functions, thereby allowing for determination of the tensor
elements in the so-called wavelength-by-wavelength model analysis approach.
We establish two Cartesian coordinate systems such that our sample coordinate sys-
tem may be related to the crystallographic axes or the so-called principle directions of the
biaxial optical indicatrix of Y2SiO5.[150] The laboratory coordinate system is determined
by the ellipsometer instrument and is defined by the sample holder and plane of inci-
dence. The sample surface is defined as the xˆ - yˆ plane, and the sample normal defines
the zˆ axis which points into the sample. We assign the sample system (x, y, z) to coincide
with the axes of the optic indicatrix (D1, D2, D3), determined by Li et al.[65]. Note that
D3 coincides with -b (Fig. 4.1). Due to the monoclinic symmetry the dielectric tensor, ε,
for Y2SiO5, contains shear elements, and with the choice of coordinates above can now be
expressed as
ε =
⎛
⎜⎝
εxx εxy 0
εxy εyy 0
0 0 εzz
⎞
⎟⎠ . (3.11)
A Euler angle rotation can be applied to ε in order to describe the crystallographic
surface and azimuthal orientation of the sample. The sample azimuth, ϕ, defined by an
in-plane rotation with respect to sample normal, describes the mathematical rotation of a
model dielectric function tensor of calculated data when compared with measured data
taken at different azimuthal orientations.
In a wavelength-by-wavelength approach, calculated Mueller matrix data is compared
to experimentally measured Mueller matrix data. Wavelength dependent dielectric func-
tion tensor elements εxx, εyy, εxy, and εzz are varied in order to minimized the mean square
error (ξ) function.[117, 118, 147, 148, 151] Analysis of all samples, azimuthal orientations,
and angles of incidence is performed simultaneously for all independent wavelengths
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yielding a single set of complex valued, wavelength dependent ε xx, εyy, εxy, and εzz (poly-
fit). During the polyfit, an independent set of Euler angle parameters for each sample is
utilized to describe the orientation of the principle directions and crystallographic axes at
the first azimuthal position acquired.
3.3.4.3 Model analysis procedure
In order to reduce correlation and improve sensitivity to model parameters, multiple data
sets are fit simultaneously with multiple models. The model process is detailed below for
the a-c plane with three parts. The model procedure is repeated independently for modes
along the b axis
Model 1:
Eq. 3.6 and Eq. 3.7 are used to best-match model calculate the wavelength-by-wavelength
determined determinants of ε and ε−1, respectively, finding parameters ωTO,l , γTO,l, ωLO,l ,
γLO,l , and ε∞. The best-match model calculated functions are represented by black solid
lines in Fig. 3.6.
Model 2:
In addition to best-match model calculated determinants of ε and ε−1, the individual
wavelength-by-wavelength determined dielectric tensor elements ε xx, εxy, and εyy are best-
match model calculated using Eqs. 3.8 (a), (b), and (c), respectively, and the anharmonic
Lorentzian oscillator functions in Eq. 3.4 to determine the additional TO mode parame-
ters ATO,l , ΓTO,l, and αTO,l . In addition, the numerically calculated inverse of the model
calculated dielectric function tensor is matched with the wavelength-by-wavelength deter-
mined inverse of the dielectric function tensor. The best-match model calculated functions
are represented by red solid lines in Figs. 3.5 and 3.7.
Model 3
In addition to best-match model calculate determinants of ε and ε−1, the individual
wavelength-by-wavelength determined inverse dielectric tensor elements ε−1xx , ε−1xy , and
ε−1yy are best-match model calculated using Eqs. 3.9 (a), (b), and (c), respectively, and
the anharmonic Lorentzian oscillator functions in Eq. 3.4 to determine the additional LO
mode parameters ALO,l , ΓLO,l , and αLO,l . In addition, the numerically calculated inverse
of the model calculated inverse dielectric function tensor is matched with the wavelength-
by-wavelength determined dielectric function tensor. The best-match model calculated
functions are represented by cyan solid lines in Figs. 3.5 and 3.7.
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3.4 Experimental
Three single crystal samples of Y2SiO5 purchased from Scientific Materials Corporation
were investigated. The sample dimensions were 10 mm × 10 mm × 1 mm. Investigated
crystal orientations were D1 × D2 × b-axis, b-axis × D2 × D1, and D1 × b-axis × D2,
where primary axes D1 and D2 are defined in relation to the crystal axes as shown in Fig.
4.1 taken from Ref. 65
Infrared (IR) and far-infrared (FIR) generalized spectroscopic ellipsometry (GSE) were
performed at room temperature on both samples. The IR-GSE measurements were per-
formed on a rotating compensator infrared ellipsometer (J. A. Woollam Co., Inc.), and
reported here in the spectral range from 230 – 1500 cm−1 with a spectral resolution of 2
cm−1. The FIR-GSE measurements were performed on an in-house built rotating polar-
izer rotating analyzer far-infrared ellipsometer, and reported here in the spectral range
from 40 – 500 cm−1 with an average spectral resolution of 1 cm−1. [152] All GSE mea-
surements were performed at 50◦, 60◦, and 70◦ angles of incidence. All measurements
are reported in terms of Mueller matrix elements, which are normalized to element M11.
The IR instrument determines the normalized Mueller matrix elements except for those
in the fourth column. Note that due to the lack of a compensator for the FIR instrument
in this work, neither elements in the fourth row nor fourth column of the Mueller matrix
is obtained with our FIR ellipsometer. Data were acquired at 8 in-plane azimuth rotations
for each sample. The azimuth positions were adjusted by progressive, counterclockwise
steps of 45◦. All model calculations were performed using WVASE32TM (J. A. Woollam
Co., Inc.).
3.5 Results and Discussion
3.5.1 DFT Phonon Calculations
The phonon frequencies and transition dipole components were computed at the Γ-point
of the Brillouin zone using density functional perturbation theory. [153] The parameters
of the TO modes were taken directly from the Γ-point calculations. The parameters of
the LO modes were obtained by setting a small displacement from the Γ-point. For Au
symmetry modes this displacement was in the direction of the b axis. For the Bu modes,
the entire a− c plane was probed with a step of 10◦, and the parameters of the LO modes
were taken at the direction, for which the angular dependence of the mode frequency for
each Bu mode had its maximum value.
The results of the phonon mode calculations for all long wavelength active modes
with Au and Bu symmetry (ωTO,l, ATO,l , αTO,l , ωLO,l, ALO,l, αLO,l) are listed in Tabs. 3.4
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and 3.3. Note that for modes with Au symmetry, all eigenvectors are oriented along axis
b and thus αTO,LO,l are not defined. Values for αTO,LO, for modes with Bu symmetry are
counted relative to axis a within the a− c plane.Renderings of atomic displacements for
each mode were prepared using XCrysDen [154] running under Silicon Graphics Irix 6.5,
and are shown in Fig. 3.2.
Table 3.3: DFT results for phonon modes with Bu symmetry in units of wavenumbers
(cm−1), Debye (D), Angstrom (A˚), angular degrees (◦) and atomic mass units (amu).
ModeωTO,l [cm−1] A2TO,l [(D/A˚)
2/amu] αTO,l [◦]ωLO,l [cm−1] A2LO,l [(D/A˚)
2/amu] αLO,l [◦]
1 966.11 84.81 29.47 1045.52 132.64 26.9
2 891.27 32.54 -44.46 951.88 118.87 120
3 856.41 44.44 -63.85 875.32 7.41 100
4 853.56 1.90 -74.88 853.71 0.072 50
5 558.53 32.50 49.40 631.13 65.6 51
6 527.01 10.12 -53.59 558.38 35.24 140
7 502.50 39.43 43.20 526.81 9.62 40
8 493.58 3.30 -75.69 500.62 21.59 135
9 446.32 14.93 -71.93 477.84 13.46 130
10 406.86 4.07 61.75 425.91 16.41 170
11 380.05 24.87 -23.84 406.86 4.08 150
12 323.99 38.31 -79.44 364.37 7.2 80
13 309.05 25.65 -4.52 323.98 40.77 195
14 303.80 2.43 67.12 304.91 0.1758 80
15 268.70 4.92 69.25 274.7 0.8884 80
16 244.06 31.34 -48.75 268.23 3.4168 160
17 233.69 12.55 13.39 244.01 34.83 45
18 219.59 8.19 30.63 224.05 0.1979 50
19 166.79 1.15 -72.86 168.38 0.1258 100
20 150.81 2.24 79.28 153.94 0.2055 70
21 108.39 0.85 -34.66 110.01 0.0731 150
22 43.66 0.98 71.93 49.11 0.1278 70
3.5.2 Mueller matrix analysis
Figs. 3.3 and 3.4 show representative experimental and best match model calculated
Mueller matrix data for two of the three surfaces investigated in this work, namely the
(D1×D2×b) and (b×D1×D2) surfaces. Insets in Figs. 3.3 and 3.4 show schematically the
b axis with respect to the sample surface, and the plane of incidence is also indicated.
Individual panels are shown for each Mueller matrix element and are arranged according
to Mueller matrix indices. Within each panel, data from 3 different azimuthal positions
(P1, P2 and P3), each 45◦ rotated clockwise, each with 3 angles of incidence (50◦, 60◦, and
Section 3.5. Results and Discussion 57
Table 3.4: Same as Tab. 3.3 for Au symmetry.
Mode ωTO,l [cm−1] A2TO,l [(D/A˚)
2/amu] ωLO,l [cm−1] A2LO,l [(D/A˚)
2/amu]
1 956.65 1.80 977.36 2.11
2 904.34 48.11 952.03 0.81
3 872.12 25.36 881.09 0.39
4 864.40 1.38 864.66 0.05
5 589.15 12.84 615.54 1.14
6 546.78 6.14 555.53 0.51
7 526.02 0.06 526.11 0.06
8 499.19 0.80 501.68 0.38
9 426.55 13.91 473.15 1.08
10 418.49 0.58 418.86 0.06
11 379.78 0.73 400.33 0.53
12 354.79 26.59 379.03 0.09
13 339.33 14.90 344.73 0.11
14 315.95 5.49 319.40 0.12
15 274.18 1.90 279.51 0.25
16 250.40 14.03 266.87 0.23
17 229.70 2.77 233.56 0.12
18 218.35 10.43 224.89 0.10
19 208.79 0.02 208.81 0.01
20 182.75 8.59 190.28 0.13
21 154.73 1.14 155.86 0.05
22 112.79 0.45 113.64 0.04
23 104.07 0.49 104.91 0.04
70◦) are presented. Data from additional positions measured are not shown for brevity.
It is observed by experiment as well as by model calculations that all Mueller matrix el-
ements are symmetric, i.e., Mij = Mji, therefore, symmetric elements i.e., from upper and
lower diagonal parts of the Mueller matrix, are plotted within the same panels. Therefore,
only panels from the upper part of a 4× 4 matrix arrangement is presented, and because
all data obtained are normalized to element M11, the first column does not appear in
this arrangement. Element M44 cannot be obtained in our current instrument configura-
tion due to the lack of a second compensator and is therefore not presented. Data are
shown for wavenumbers from 40 cm−1 to 1200 cm−1, except for row M4j = Mj4 which
only contains data from approximately 250 cm−1 to 1200 cm−1 because the fourth row
is unavailable with our FIR instrumentation. Note that the fourth row data is plotted
in the fourth column of Figs. 3.3 and 3.4 for convenience. All other panels show data
obtained within the FIR range (40 cm−1 to 500 cm−1) using our FIR instrumentation and
data obtained within the IR range (500 cm−1 to 1200 cm−1) using our IR instrumentation.
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Figure 3.3: Experimental (dotted, green lines) and best match model calculated (solid,
red lines) Mueller matrix data obtained from a (D1×D2×b) surface at three representa-
tive sample azimuth orientations. (P1: ϕ = 3.6(3)◦, P2: ϕ = 48.6(3)◦, P3: ϕ = 93.6(3)◦).
Data were taken at three angles of incidence (Φa = 50◦, 60◦, 70◦). Equal Mueller matrix
data, symmetric in their indices, are plotted within the same panels for convenience. Ver-
tical lines indicate wavenumbers of TO (solid lines) and LO (dotted lines) modes with
Bu symmetry (blue) and Au symmetry (brown). Note that the fourth column elements
are plotted as the fourth column for convenience. Fourth row elements are only available
from the IR instrument limited to approximately 230 cm−1 and are plotted in the symmet-
ric tensor panel locations for convenience. Note that all elements are normalized to M11.
The remaining Euler angle parameters are θ = 0.2(4) and ψ = −0.1(5) consistent with the
crystallographic orientation of the (D1×D2×b) surface. The inset depicts schematically
the sample surface, the plane of incidence, and the orientation of axis b in P1.
Strong anisotropy is noted in Y2SiO5 by the non-zero contributions in off-block diago-
nal elements (M13, M23, M14, and M24) and a strong dependence on azimuthal orientation
is also apparent by inspection of the Mueller matrix data. Another important observation
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Figure 3.4: Same as Fig. 3.3 for the (b×D1×D2) sample at azimuth orientation P1: ϕ =
−0.2(1)◦, P2: ϕ = 44.7(9)◦, P3: ϕ = 89.79◦. θ = 89.(9) and ψ = −1.5(7), consistent
with the crystallographic orientation of the (b×D1×D2) surface. Note that in position
P1, axis b which is parallel to the sample surface in this crystal cut, is aligned almost
perpendicular to the plane of incidence. Hence, the monoclinic plane with a and c is
nearly parallel to the plane of incidence, and as a result almost no conversion of p to
s polarized light occurs and vice versa. As a result, the off diagonal block elements of
the Mueller matrix are near zero. The inset depicts schematically the sample surface, the
plane of incidence, and the orientation of axis b, shown approximately for position P1.
from the Mueller matrix data is that at P1 for the (b×D1×D2) surface in Fig. 3.4, where
the b axis is parallel to the sample surface and perpendicular to the plane of incidence, the
off-block diagonal elements are very nearly zero. This is because the monoclinic plane
is parallel to the plane of incidence in this orientation and therefore there is no mode
conversion of s-polarized light to p-polarized light and vice versa.
All data sets, while unique, share similar characteristic features at specific wavenum-
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bers which are indicated by vertical lines. Below, we identify these vertical lines as fre-
quencies of all TO and LO phonon mode with Au and Bu symmetries. Analysis of all data
sets were performed simultaneously, where for each wavelength up to 792 independent
data points from the multiple samples, azimuthal positions and angles of incidence are
included in the polyfit. Only 17 independent parameters are included as variables in this
so-called wavelength-by-wavelength analysis, including the 8 real and imaginary parts
of the dielectric tensor elements (εxx, εyy, εxy, and εzz) as well as 3 sets of wavelength
independent Euler angles to describe the sample surface and orientation. The resulting
Mueller matrix rendered from this polyfit analysis is shown in Figs. 3.3 and 3.4 as red
solid lines, and resulting real and imaginary parts of the dielectric tensor elements are
given in Fig. 3.5 as green dotted lines. We find excellent agreement between our measured
experimental and model calculated Mueller matrix data, and the Euler angles determined
by this analysis are consistent with the anticipated sample surfaces and crystallographic
orientations.
3.5.3 Dielectric tensor analysis
Real and imaginary parts of the dielectric tensor elements determined by the wavelength-
by-wavelength polyfit are given in Fig. 3.5 as green dotted lines for εxx, εxy, εyy, and εzz.
One can then translate these into the inverse dielectric tensor shown as green dotted lines
in Fig. 3.7 for ε−1xx , ε−1xy , ε−1yy , and ε−1zz , and into the determinant (εxxεyy − ε2xy) and inverse
determinant ((εxxεyy − ε2xy)−1) as shown by green dotted lines in Fig. 3.6. From these, pre-
liminary observations can be made for phonon mode properties. As we have previously
reported, TO mode frequencies can be found from maxima in imaginary parts of the di-
electric function tensor elements as well as the determinant[114] as shown in Figs. 3.5 and
3.6 indicated by solid vertical lines. Likewise, LO mode frequencies can be determined
from maxima of the imaginary parts of the inverse dielectric function tensor and the in-
verse of the determinant[140] as seen in Figs. 3.6 and 3.7 indicated by dotted vertical lines.
We note that panels (a), (b) and (c) in Figs. 3.5 and 3.7 share common frequencies at which
maxima occur from which we identify 22 TO modes and a corresponding 22 LO modes
with Bu symmetry, respectively. We also note that the imaginary part of ε xy and ε−1xy can
be positive as well as negative extrema at Bu TO and LO mode frequencies, respectively,
which is due to the respective eigendielectric displacement unit vector orientation relative
to axis a. From Eq. 3.8(b), it is seen that the imaginary part of εxy is negative when αTO,l
is within {0 · · · − π} and positive when αTO,l is within {0 . . . π}. Therefore, for example,
we observe from experiment that Bu TO modes labeled 2, 3, 4, 6, 9, 11, 12, 13, 15, 17, 18,
19, and 21 are all oriented with negative angle towards axis a.
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Figure 3.5: Dielectric function tensor element εxx (a), εxy (b), εyy (c), and εzz (d). Green
dotted lines indicate results from wavelength-by-wavelength best match model regression
analysis matching the experimental Mueller matrix data shown in Figs. 3.3 and 3.4. Solid
red lines are obtained from best match model lineshape analysis using Eqs. 3.8 with
Eq. 3.4 fit to the dielectric tensor elements. Solid cyan lines are obtained from best match
model lineshape analysis using a second set of Eqs. 3.8 with Eq. 3.4 fit to the inverse
dielectric tensor elements. Vertical lines in panel group [(a), (b), (c)], and in panel (d)
indicate TO frequencies with Bu (blue) and Au (brown) symmetry, respectively. Vertical
bars indicate DFT calculated long-wavelength transition dipole moments in atomic units
projected onto axis x, y, and z as well as onto the shear plane xy.
3.5.4 Phonon mode analysis
3.5.4.1 Modes with Bu symmetry in the a-c plane
TO mode parameter determination
Solid red lines in Figs. 3.5 and 3.7 indicate the resulting best match model calculations
obtained from Eq. 3.8 using a set of anharmonically broadened Lorentzian oscillators. We
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Figure 3.6: (a) Real and imaginary parts of the coordinate invariant generalized dielectric
function, εxxεyy-ε2xy, along with its inverse (b), (εxxεyy-ε
2
xy)
−1. Best match model calcu-
lated data (red, solid lines) calculated from the BUL form agrees excellently with data
determined from a wavelength-by-wavelength analysis. TO and LO mode parameters are
determined independent of their individual polarization and amplitudes. Frequencies of
TO modes are indicated with solid blue lines and frequencies of LO modes are indicated
by dotted blue lines.
find excellent agreement between our wavelength-by-wavelength and model calculated ε
and ε−1. All best match TO model parameters are summarized in Tab. 3.5 including am-
plitude (ATO,l), frequency (ωTO,l), broadening (γTO,l), anharmonic broadening (ΓTO,l), and
eigenvector direction (αTO,l) for all TO modes (l = 1...22) with Bu symmetry. Frequencies
of the TO modes are indicated by solid vertical blue lines in Figs. 3.3, 3.4, 3.5, and 3.6
which align with the features observed in the data and the extrema seen in the imaginary
part of the dielectric tensor.
TO mode parameters determined by Ho¨fer et al. (Ref. 90) are included in Tab. 3.5 for
comparison. While we do expect 22modes with Bu symmetry from calculations, and they
do identify 22 features, it can be seen that several features determined by Ho¨fer et al. do
not correspond with modes determined by our analysis, specifically features identified at
974.3, 539.6, 461.5, and 231.2 cm−1. In addition, several modes determined in our work
are not identified by Ho¨fer et al., specifically, modes 4, 14, 21 and 22.
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Figure 3.7: Same as for Fig. 3.5 but for the inverse dielectric tensor. Vertical lines in
panel group [(a), (b), (c)], and in panel (d) indicate LO frequencies with Bu (blue) and Au
(brown) symmetry, respectively.
TO eigendielectric displacement vectors
Fig. 3.8 displays a vector representation of the amplitude and polarization direction pa-
rameters (ABuTO,l and αTO,l) within the a-c plane. Results from the IR–FIR GSE model
dielectric function, panel (a), are compared with long-wavelength transition dipole mo-
ments calculated from DFT, panel (b). Remarkably good agreement is seen between the
GSE and DFT resulting eigenvectors. Note that the eigenvector provides an additional
mode identification mechanism. Experimentally determined modes can be compared
with and sorted by calculated modes not only by frequency and amplitude, but also by
orientation. Hence, in some instances here, modes observed by GSE and identified by
amplitude and direction with a mode calculated by DFT may appear out of frequency
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Table 3.5: Phonon mode parameters with Bu symmetry obtained from best match model
analysis of tensor element spectra ε and ε−1, using anharmonic broadened Lorentz os-
cillator functions in Eq. 3.4 as well as by utilization of the generalized coordinate invari-
ent form of the dielectric function[114]. The last digit, which is determined within the
90% confidence interval, is indicated with brackets for each parameter. Parameters for
frequency and TO eigenvector orientation determined by Ho¨fer et al.[90] are given for
comparison with orientation directions shifted by approximately 77◦.
ωTO ωLO γTO γLO ATO ΓTO αTO ALO ΓLO αLO v¯j[90] Φj[90]
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (◦) (cm−1) (cm−1) (◦) (cm−1) (◦)
- 974.3 106.1
1 970.5(9) 1050.8(0) 9.0(6) 5.8(3) 627.(2) 14.(2) 28.8(7) 251.(1) 0.3(6) 27.2(6) 970.7 107.1
2 902.1(3) 972.1(1) 6.5(1) 8.1(1) 449.(8) -8.(0) -47.(0) 240.(5) -0.9(2) 119.5(5) 902.5 26.5
3a 876.(0) 877.(0) 5.(0) 5.(2) 99.(7) 0.(0) -68.(7) 7.(4) 0.(0) -3(1) 871.0 5.8
4 869.9(0) 885.(2) 8.8(1) 7.(9) 42(0) 13.(7) 112.(7) 52.(4) 0.2(4) -87.(8) - -
5 567.8(8) 631.4(9) 8.(0) 13.1(8) 294.(0) 4.(0) 40.(5) 173.(9) -2.8(0) 52.4(1) 567.9 115.5
6 540.2(6) 573.1(2) 6.(7) 7.1(6) 246.(9) 5.(2) 108.5(7) 125.(5) -0.8(0) 135.0(3) 540.2 107.4
- 539.6 9.8
7 515.3(5) 546.(1) 8.0(4) 10.(5) 44(8) -1(2) 52.(2) 60.(3) 0.0(8) -166.(7) 514.0 126.5
8 507.7(6) 516.6(6) 8.(1) 8.(3) 19(9) -0.(8) 3.(4) 50.(0) -0.3(5) -39.(1) 507.9 54.7
9 460.9(3) 479.6(7) 8.(7) 9.(6) 205.(4) -3.(5) 100.(0) 75.(6) 0.5(3) 130.(7) 462.3 12.3
- 461.5 145.9
10 412.(7) 437.8(4) 7.(9) 7.2(9) 16(1) -(9) 6(5) 88.(2) -0.7(6) -27.(6) 413.1 144.4
11 379.7(1) 418.(6) 5.0(9) 10.(3) 334.(6) 2.(2) -2(4) 32.(5) -0.6(0) -132.(6) 379.5 53.5
12 314.5(8) 360.3(2) 7.(0) 7.7(0) 3(2)5 -3(0) -7(8) 58.(3) 0.2(3) -93.(1) 313.4 14.0
13 312.1(0) 343.0(6) 6.2(8) 5.(9) 37(0) (8) -17.(3) 49.9(6) 0.0(5) 21.(2) 312.6 102.6
14 312.(2) 313.(2) 7.(3) 6.(9) 2(6)0 1(8) -107.(8) 2.7(8) 0.0(1) 23(2) - -
15 266.0(1) 273.2(7) 4.1(7) 4.(7) 176.(1) -(4) -87.(6) 19.8(1) -0.0(6) -97.(7) 265.8 -9.8
16 233.5(9) 253.6(0) 3.6(0) 6.8(2) 267.(8) -1(4) -95.(3) 36.1(2) -0.26(4) -1.(2) 231.3 141.5
- 231.2 4.6
17 226.0(9) 246.9(3) 4.6(8) 4.3(1) 238.(7) 2(9) -3(2) 21.0(2) -0.02(4) -101.(5) 225.4 63.2
18 216.4(7) 223.9(2) 4.5(5) 5.6(7) 339.(4) -5(2) -2.1(9) 6.7(3) 0.03(7) -151.(3) 217.1 77.9
19 169.6(2) 172.1(8) 1.5(8) 2.1(0) 98.(9) -4.(9) -75.(9) 8.9(5) -0.04(9) -85.(5) 170.9 0.6
20 144.9(8) 148.4(2) 2.0(8) 2.0(1) 106.(0) -0.(3) -96.(1) 9.4(3) 0.01(5) -101.(1) 145.0 -18.3
21 110.4(2) 112.2(2) 1.5(6) 1.8(6) 70.(4) -2.(7) -40.(7) 5.7(6) -0.02(4) -38.(5) - -
22 57.8(9) 61.7(1) 2.1(2) 1.6(9) 65.(3) 3.(9) -115.(9) 7.0(4) 0.04(8) -118.(5) - -
aMode parameters fit in a local region, held constant in full spectral fit procedure.
sequence, that is, at slightly smaller or slightly larger frequency than predicted by DFT.
Thereby, a mode may be found experimentally at a different mode index than predicted
by the sequence of DFT calculated frequencies. This occurs here for modes 3 and 4 as
well as for modes 17 and 18. The experimental TO mode vector orientations agree within
25◦ with corresponding calculated modes with the exception of modes 8, 16, 17 and 18.
Mode 8 is has the largest disagreement (GSE nearly perpendicular to DFT) which could
be explained by its low amplitude and relatively large broadening. It also appears on the
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Figure 3.8: (a) Schematic representation of the eigendielectric displacement vectors with
GSE analysis determined amplitude ABuTO,l and orientation angle αTO,l (with respect to
the a axis) of TO modes with Bu symmetry within the a-c plane. (b) DFT calculated
long-wavelength transition dipoles (intensities) of TO modes with Bu symmetry.
shoulder of a much larger nearby mode in GSE data, decreasing sensitivity to mode 8
parameters.
LO mode parameter determination
Cyan solid lines in Figs. 3.7 and 3.5 indicate the resulting best match model calcula-
tions obtained from Eq. 3.8 using a second independent set of anharmonically broad-
ened Lorentzian oscillators. We find excellent agreement between our wavelength-by-
wavelength and model calculated ε−1 and ε. All best match LOmodel parameters are sum-
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marized in Tab. 3.5 including amplitude (ALO,l), frequency (ωLO,l), broadening (γLO,l), an-
harmonic broadening (ΓLO,l), and eigenvector direction (αLO,l) for all LO modes (l = 1...22)
with Bu symmetry. Frequencies of the LOmodes are indicated by dotted vertical blue lines
in Figs. 3.3, 3.4, 3.6, and 3.7 which align with the features observed in the data and the
extrema seen in the imaginary part of the inverse dielectric tensor.
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Figure 3.9: (a) Schematic representation of the eigendielectric displacement vectors with
GSE analysis determined amplitude ABuLO,l and orientation angle αLO,l (with respect to
the a axis) of TO modes with Bu symmetry within the a-c plane. (b) DFT calculated
long-wavelength transition dipoles (intensities) of LO modes with Bu symmetry.
Fig. 3.9 displays a vector representation of the amplitude and polarization direction
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parameters (ABuLO,l and αLO,l) projected onto the a-c plane. Results from the IR/FIR GSE
model dielectric function, panel (a), are compared with long-wavelength transition dipole
moments calculated from DFT, panel (b). Remarkably good agreement is seen between
the GSE and DFT resulting LO eigenvectors. Interestingly, while some LO mode eigenpo-
larization directions do not deviate very much from their TO counterparts (for example
mode 1 with αTO,1 = 28.8◦ and αLO,1 = 27.2◦), most differ significantly.
3.5.4.2 Modes with Au symmetry along the b-axis
Resulting mode parameters are described in Tab. 3.6 and dielectric function and inverse
dielectric function are given in Figs. 3.5(d) and 3.7(d), respectively. Red solid lines show
the resulting model calculated dielectric function from Eq. 3.8 using a set of 23 anhar-
monic Lorentzian oscillators (Eq. 3.4) for the Au symmetry TO modes. Similarly, the
solid cyan lines indicate the resulting model calculated dielectric function from Eq. 3.8
using a separate set of 23 anharmonic Lorentzian oscillators (Eq. 3.4) for the Au symme-
try LO modes. Mode parameters of LO and TO frequencies and broadenings were also
determined simultaneously using the BUL form Eq. 3.6 shown in black.
Due to many modes appearing in some narrow frequency regions, sensitivity to sep-
arate mode parameters reduces. Contributions from weak modes are easily subsumed
by contributions from strong modes, necessitating several localized spectral best match
model analyses (Modes 3, 4, 10, 21 and 23) and some modes required manual setting
of parameters (Modes 12, 21, and 23). Frequencies of TO modes with Au symmetry are
indicated by vertical solid brown lines in Figs. 3.3, 3.4, and 3.5 while frequencies of LO
modes with Au symmetry are indicated by vertical dotted brown lines in Figs. 3.3, 3.4,
and 3.7.
Mode frequencies identified by Ho¨fer et al. are also included in Tab. 3.6 for compari-
son, where modes 3, 7, 10, 11, 13, 17, 22, and 23 remained unresolved.
3.5.4.3 TO-LO rule
The TO-LO rule can best be inspected within the BUL form in Eq. 3.6. If a switch occurs
within a set of ascending frequencies ωTO,l < ωLO,l < ωTO,l+1 < ωLO,l+1 . . . , for example,
ωTO,l < ωTO,l+1 < ωLO,l < ωLO,l+1 . . . , then the BUL form produces negative imaginary
parts in the spectral region between ωTO,l+1 . . .ωLO,l . This is obviously unphysical for
a dielectric function, which can be measured along a certain, fixed coordinate direction.
However, the determinant function in a low-symmetry material does not represent a di-
rectly measurable quantity. Rather, it serves as a spectral indicator for the frequencies of
TO and LO modes, as shown in this paper. Furthermore, and accordingly, the determi-
nant produces negative imaginary parts when the order of TO and LO modes within the
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Table 3.6: Same as for Tab. 3.5 but for phonon mode parameters with Au symmetry.
ωTO ωLO γTO γLO ATO ΓTO ALO ΓLO v¯j[90]
(cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
1 960.0(6) 988.5(0) 6.(4) 9.5(0) 9(4) -1.(2) 238.(1) -0.(5) 960.6
2 914.2(8) 956.(7) 5.8(4) 5.(9) 43(3) -8.(9) 5(7) -0.(1) 914.4
3 887.1(6)b 897.5(4)b 7.8(9)b 4.9(2)b 30(9)b 9.(9)b 38.9(4)b 0.18(4)b -
4 883.1(6)b 884.8(8)b 5.6(0)b 6.5(6)b 28(4)b -0.(1)b 8.0(4)b -0.05(5)b 884.9
5 593.(9) 620.5(0) 7.(7) 14.2(5) 22(6) -1(0) 121.(8) -1.(6) 592.8
6 560.(1) 570.(8) 12.(4) 12.(6) 18(9) -1(6) 5(1) 1.(3) 561.1
7 54(6) 54(8) 1(8) 1(3) 1(2)0 1(7) 1(2) 0.(9) -
8 515.(0) 516.(8) 6.(8) 6.(4) 6(6) 1.(9) 2(2) 0.(0) 510.9
9 439.8(4) 473.6(5) 7.(9) 13.3(2) 214.(6) -13.(1) 10(7) -1.(3) 437.1
10 411.(9) 412.(6) 2(8) 2(7) 3(9) -2.(4) (7) 1.(6) -
11 40(3) 410.0(1) 1(5) 6.(9) 1(6) -0.(1) 72.(6) 0.(8) -
12 349.6(5) 40(3) 8.2(2) 1(4) 38(2) 1(2) 10a -(2) 345.0
13 339.(5) 341.(7) 7.(1) 8.(1) 19(8) -2(4) 6.(8) -0.3(1) -
14 309.9(2) 317.1(0) 6.(6) 5.(7) 20(8) (6) 19.(3) 0.0(7) 308.8
15 270.(1) 277.7(8) 3.(6) 3.(9) 9(0) -(3) 29.(4) 0.0(5) 269.9
16 250.5(2) 266.(6) 3.8(2) 2.(7) 29(4) (9) 16.(0) -0.0(7) 248.8
17 225.(3) 229.5(3) 3.(7) 2.(3) 1(1)0 (2)0 12.(2) 0.0(1) -
18 223.(5) 224.(3) 3.(7) 2.(3) 1(2)0 -(1)0 2.(2) -0.0(2) 223.3
19 201.6(2) 207.(0) 3.4(5) 3.(1) 12(3) 1(0) 14.(1) -0.0(4) 200.9
20 188.8(3) 196.6(8) 2.3(2) 3.(8) 249.(4) -2(0) 9.5(2) -0.04(2) 188.5
21 154.(1)b 154.(5)b 2a 2a 4(3)b (9)b (3)b 0.0(6)b 169.9
22 114.(2) 115.(0) 2.(1) 2.(5) 4(3) -(3) 3.(5) -0.0(2) -
23 70a 73a 5a 2a 4(6)b 0.(8)b (3)b 0.0(6)b -
aManually set parameter held constant throughout fitting procedure.
bParameter fit in a local region, held constant in full spectral fit procedure.
monoclinic plane is such that the TO-LO rule is broken. Specifically, between Bu modes
17→16, 14→13, 11→10, 8→7, 7→6, 6→5, 4→3 and 2→1. Previously we have observed
this TO-LO rule broken for monoclinic β-Ga2O3[91] but not for monoclinic CdWO4.[140]
In these cases, when a second TO mode is observed before the next subsequent LO mode,
the imaginary part of the determinant is observed to go negative and the imaginary part
of the inverse determinant is observed to go positive. Note that the TO-LO rule holds
true for all Au modes.
3.5.4.4 High frequency and static dielectric constant
Static and high frequency dielectric constants obtained in this work are summarized in
Tab. 3.7. Static dielectric constants εDC for each tensor element were extrapolated from
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Table 3.7: Best match model parameters for high frequency dielectric constants along with
static dielectric constants extrapolated from the model to ω=0 for each tensor element.
εxx εyy εxy εzz
ε∞ 3.16(6) 3.12(7) 0.002(7) 3.11(4)
εDC 10.96(5) 9.80(1) 0.12(5) 11.47(4)
ε∞,DFT 3.570 3.549 -0.041 3.650
the model calculation at ω = 0, and the high frequency dielectric constant was an off-
set parameter in the best match model analysis. From these, it is determined that the
generalized-LST relation described by Schubert in Ref. 114 is well satisfied.
3.6 Conclusions
The frequency dependence of four independent Cartesian tensor elements of the dielectric
function for Y2SiO5 were determined using generalized spectroscopic ellipsometry with a
dielectric function tensor model approach from 40-1200 cm−1. Three different surfaces cut
perpendicular to a principle axis were investigated. We match the spectral dependence of
the four wavelength-by-wavelength determined dielectric function tensor elements as well
as the four inverse tensor elements along with the determinant and its inverse to those
rendered by our monoclinic model in order to determine the 22 pairs of transverse and
longitudinal optical phonon modes with Bu symmetry and 23 pairs with Au symmetry.
We make use of two independent sets of anharmonic oscillators to describe transverse
optical and longitudinal optical mode parameters and their eigendielectric displacement
vectors within the a-c plane. We report and compare our experimental findings to density
functional theory calculations. We discuss the observation of the violation of the TO-LO
rule for polarization within the monoclinic plane. We report the static and high frequency
dielectric tensor constants and find that the generalized Lyddane-Sachs-Teller relation is
well satisfied for Y2SiO5.
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Chapter 4
Band-to-band transitions, selection
rules, effective mass and exciton
binding energy parameters in
monoclinic β-Ga2O3
4.1 Abstract
We employ an eigen polarization model including the description of direction dependent
excitonic effects for rendering critical point structures within the dielectric function ten-
sor of monoclinic β-Ga2O3 yielding a comprehensive analysis of generalized ellipsometry
data obtained from 0.75 eV–9 eV. The eigen polarization model permits complete descrip-
tion of the dielectric response. We obtain, for single-electron and excitonic band-to-band
transitions, anisotropic critical point model parameters including their polarization eigen-
vectors within the monoclinic lattice. We compare our experimental analysis with results
from density functional theory calculations performed using the Gaussian-attenuation-
Perdew-Burke-Ernzerhof hybrid density functional. We present and discuss the order of
the fundamental direct band-to-band transitions and their polarization selection rules, the
electron and hole effective mass parameters for the three lowest band-to-band transitions,
and their exciton binding energy parameters. We find that the effective masses for holes
are highly anisotropic and correlate with the selection rules for the fundamental band-
to-band transitions. The observed transitions are polarized close to the direction of the
lowest hole effective mass for the valence band participating in the transition.
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4.2 Introduction
Single crystalline group-III sesquioxides are currently at the forefront of research for ap-
plications in electronic and optoelectronic devices due to unique physical properties. Such
conductive oxides, including tin doped In2O3 or Ga2O3, can be utilized as transparent thin
film electrodes for various devices such as photovoltaic cells[155], flat panel displays[156],
smart windows[155, 157], and sensors[158]. The highly anisotropic monoclinic β-gallia
crystal structure (β phase) is the most stable crystal structure among the five phases (α, β,
γ, δ, and ) of Ga2O3 (Fig. 4.1)[159, 160]. It belongs to the space group 12 and has base
center monoclinic lattice. Ga2O3 shows potential for use in transparent electronics and
high energy photonic applications due to its large band gap of 4.7-4.9 eV[161–164].
Precise and accurate knowledge of the band gap energies, band-to-band transitions,
their polarization selection rules and energetic order, and the resulting anisotropy in the
dielectric function are important physical properties in low symmetry materials. Elec-
tronic band-to-band transitions cause critical point (CP) features in the joint density of
states, which result in CP structures in the dielectric function[165]. Parameters of an ap-
propriately selected physical model dielectric function (MDF) yield access to CP param-
eters such as band-to-band transition energies and polarization selection rules, which al-
low for direct comparison with results both from experiment, e.g., optical absorption and
reflectance measurements, as well as from theory, e.g., density functional theory (DFT)
band structure calculations.[165] A suitable and precise technique to determine the com-
plex dielectric function tensor from arbitrarily anisotropic materials is generalized spectro-
scopic ellipsometry (GSE)[166–178]. MDF approaches were used successfully to quantify
anisotropy and band-to-band transitions for many different types of materials[166, 169–
173, 175, 179].
Fundamental band-to-band transitions in β-Ga2O3 have been investigated using DFT
calculations[163, 164, 180–182], optical absorption[180], reflection[183, 184], and ellipsom-
etry [162, 163]. Due to monoclinic symmetry, the polarization of a given band-to-band
transition may not necessarily align with any of the high symmetry crystal axes. The
formation of excitons upon the optical excitation of a band-to-band transition strongly
modifies the frequency dependence of the dielectric response in semiconductors[165].
Thus, in order to accurately determine the transition energies, the excitonic contribution
must be accounted for. For β-Ga2O3, there has been significant discrepancies in reported
properties of the fundamental band-to-band transitions. Ricci et al., ignoring excitonic
effects, recently showed optical absorption anisotropy in β-Ga2O3 with the lowest onset
of absorption occurring with polarization in the a-c plane at 4.5-4.6 eV[180]. For polariza-
tion along the crystal axis b the absorption onset was unambiguously shifted by 0.2 eV
towards shorter wavelength. Onuma et al. investigated polarized transmittance and re-
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Figure 4.1: (a) Unit cell of β-Ga2O3 detailing crystallographic and laboratory coordinate
systems. (b) Description of the orthogonal laboratory coordinate system within the mon-
oclinic a-c plane. Axis c* is chosen for convenience parallel to laboratory axis y, and
orthogonal to both a and b. (c) and (d): Ellipsometry plane of incidence for the (010)
and (2¯01) surfaces of β-Ga2O3 single crystals used in this work, respectively. Samples
are rotated stepwise around their surface normal to different measurement positions (See
Sect. 4.4.1). In (c), axis b is parallel to the plane of incidence, and in (d) parallel to the
sample surface regardless of sample rotation.
flectance spectra[184]. As a result of their investigations, an indirect gap band-to-band
transition around 4.43 eV and a direct gap transition around 4.48 eV parallel to the c axis
were proposed, without considering excitonic effects. Sturm et al. considered contribu-
tions from both bound and unbound Wannier-type excitons[185–187] and reported the
lowest direct gap band-to-band transition at approximately 4.88 eV, polarized within the
a-c plane nearly parallel to c. Furthmu¨ller and Bechstedt presented quasiparticle band
structures and density of states of β-Ga2O3 obtained from DFT combined with Hedin’s
GW approximation for single-particle excitations[164]. The lowest transition energy was
determined by this approach to be around 5.04 eV, with polarization mainly along the c
axis in the monoclinic a-c plane.
A comprehensive paper by Furthmu¨ller and Bechstedt[164] as well as papers by other
authors[163, 164, 180–182] report computational studies using hybrid functionals of Heyd,
Scuseria, and Ernzerhof (HSE)[188, 189] for β-Ga2O3. In this work, we use Gaussian-
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attenuated PBE (Gau-PBE) which to the best of our knowledge has not yet been used for
band structure calculation of β-Ga2O3. The primary purpose of our DFT calculations is
to identify band-to-band transitions and to calculate parameters of CP transitions, and
compare these with contributions to the experimental dielectric function of β-Ga2O3. We
note that for our purpose the band structure calculations at the hybrid Hartree-Fock
DFT (HF-DFT) level are sufficient.[190, 191]
Sturm et al.[163] recently investigated the NIR–UV dielectric function tensor elements
of β-Ga2O3. Schubert et al.[177, 192] adapted the concept of the dielectric eigen displace-
ment polarizations in the Born and Huang model[193] to develop a monoclinic CP-MDF
for phonon excitations in β-Ga2O3. Sturm et al.[162] provided a CP analysis for β-Ga2O3
extending the Born and Huang model[193] to interband excitations. In their analysis,
Sturm et al. assumed that the exciton binding energy parameter is the same for all band-
to-band transitions, and its value was assumed as well rather than determined by exper-
iment. In this present work, we perform a different CP-MDF analysis and determine
the exciton binding energy parameters for the lowest transitions independently. Our re-
sults for the band-to-band transition parameters differ in detail from those reported by
Sturm et al.. We provide additional information on band-to-band transitions into the
vacuum-ultra-violet (VUV) range not previously reported. We further provide and dis-
cuss effective mass parameters determined in our DFT analysis for the topmost valence
and lowest conduction bands. These are used for calculation of exciton binding energies
for respective band-pairs and compared with values extracted from GSE analysis.
4.3 Theory
4.3.1 Mueller matrix generalized ellipsometry
Optically anisotropic materials necessitate the application of generalized ellipsometry[166,
166, 172, 173, 194–196]. Multiple β-Ga2O3 samples cut at different angles from the same
crystal are investigated using Mueller matrix generalized ellipsometry (Mueller matrix
generalized ellipsometry (MMGE)) at multiple angles of incidence and multiple sample
azimuthal angles, and all data are then analyzed simultaneously. For model calculations
we use the substrate-ambient approximation, where the single crystalline β-Ga2O3 sam-
ples correspond to the half-infinite substrate[168]. We assign coordinate relations between
laboratory coordinate axes (xˆ,yˆ,zˆ) and crystallographic axes (a, b, c).[177] We choose the
zˆ axis of the laboratory coordinate system to be normal to the sample surface, thereby
defining the sample surface as the laboratory xˆ-yˆ plane. By our choice, the (x,y,z) system
is described in Fig. 4.1 with respect to the crystal structure. Euler angles (φ, θ, and ψ)
are then determined to describe angular rotations necessary to relate (x,y,z) with ( xˆ,yˆ,zˆ).
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Effects of finite roughness always present on the nanoscale when measuring polished
crystal surfaces must be accounted for. An effective medium approximation (EMA) ap-
proach is commonly used to mimic the effect of a very thin effective layer with thickness
much smaller than all wavelengths for data analysis[197]. Rigorous treatment of the com-
bination of roughness and anisotropy has not been investigated yet, hence, an isotropic
averaging approach was employed here. Thus, our roughness layer model was calculated
by averaging all four dielectric tensor elements and then added together in the EMA
approach assuming 50% void.
4.3.2 Monoclinic dielectric tensor description
For materials with monoclinic symmetry four independent dielectric tensor elements are
needed [177, 198]. With the coordinate choices in Fig. 4.1 we select the dielectric tensor
cross-term element εxy as the fourth independent element
ε =
⎛
⎜⎝
εxx εxy 0
εxy εyy 0
0 0 εzz
⎞
⎟⎠ . (4.1)
4.3.3 Eigen polarizability critical point model
We adopt the concept of the Born and Huang model and consider electronic contribu-
tions to the dielectric response of monoclinic β-Ga2O3 as the result of eigendielectric
displacement processes. Each individual contribution l is characterized by a CP model
function, l(ω) and its eigendielectric polarizability unit vector, eˆl. The same approach
was adopted by Schubert et al.[177] and Sturm et al.[162] for analysis of GSE data for
FIR-IR and near-infrared (NIR)-VUV spectral regions, respectively, as follows:
ε(ω) =
N
∑
l=0
l(ω)(eˆl ⊗ eˆl). (4.2)
82 Chapter 4. Band-to-band transitions and excitonic contributions of β-Ga2O3
When l=0, the quasi-static (ω → 0) dielectric tensor dyadic εˆDC is determined. For mono-
clinic materials the tensor can be described according to:
εxx = εDC,xx +
m
∑
j=1
jcos2αj, (4.3a)
εyy = εDC,yy +
m
∑
j=1
jsin2αj, (4.3b)
εxy = εDC,xy +
m
∑
j=1
jcosαjsinαj, (4.3c)
εzz = εDC,zz +
n
∑
k=1
k, (4.3d)
εxz = εyz = 0, (4.3e)
with αj equal to the angle of the shear projection into the a-c plane and m,n equal to the
number of CP contributions in the a-c plane and b direction, respectively.
Fundamental band-to-band transitions:
We use photon energy (h¯ω) dependent functions described by Higginbotham, Cardona
and Pollak (HCP)[199] for rendering electronic contributions at 3-dimensional Van-Hove
singularities (“M0”-type CP in Adachi’s CP composite approach[200]):
ε(E) = AE−1.5{χ−2[2− (1+ χ)0.5 − (1− χ)0.5]}, (4.4)
with χ = (h¯ω + iB)/E, and A, E, and B are, respectively, amplitude, transition energy,
and broadening parameters, and i2 = −1. Our choice is directed by inspection of the
symmetry and band curvatures for the lowest band-to-band transitions observed in our
DFT calculations.
Exciton contributions at fundamental band-to-band transitions:
The contributions to the dielectric function due to exciton absorption arise from two parts,
one from bound states and another from continuum states[165, 201, 202]. For Wannier-
type excitons, Tanguy developed model functions for parabolic bands taking into account
bound and unbound states[185, 187, 203]. These functions, strictly valid for parabolic
bands and isotropic materials only, were used by Sturm et al.[162] for analysis of GSE data
from β-Ga2O3. In their work, Sturm et al. did not determine the exciton binding energy
parameter from using the Tanguy model[185, 187, 203] approach. In our present work,
and because the dominant contribution to exciton absorption processes in direct-band
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gap semiconductors is the ground state (n=1) transition[165, 201], we employ a single
Lorentz oscillator with non-symmetric broadening to account for, and to spectrally locate
the ground state excitonic contribution, thereby further following Adachi’s CP composite
approach[200]
ε =
A2 − ibh¯ω
E2 − (h¯ω)2 − iBh¯ω , (4.5)
with A, E, B, and b are, respectively, amplitude, energy, broadening, and asymmetric
broadening parameter, respectively. As observed in previous studies, the exciton bind-
ing energies are relatively large (> 200 meV)[162, 164] in fact larger than the energy of
the highest frequency longitudinal optical phonon mode, which is about 120 meV.[177]
Therefore it is appropriate to screen the electron-hole attraction using the high frequency
dielectric constant without the lattice (phonons) contribution (see Chapter 22 in Ref. 204).
The polarization dependent Rydberg (exciton binding) energy parameters, R [eV] can
then be approximated by
Ry ≈ Et − Ex =
13.6eV
me
(
ε−1∞
)2
jj
(μ)jj , (4.6)
where Et and Ex are the band-to-band transition energy and the energy of the respective
exciton CP contribution, respectively,
(
ε−1∞
)
jj is the element jj of the inverse dielectric
function tensor at photon energies above the phonon mode spectral region,
(
μ−1
)
jj is the
element jj of the inverse effective reduced mass tensor for a given unit vector direction
jˆ, and me is the free electron mass. The inverse effective reduced mass tensor element is
obtained from summation over the inverse effective mass tensor element of conduction
and valence bands participating in the transition:
(
μ−1
)
jj =
(
m−1cb
)
jj
+
(
m−1vb
)
jj
, i.e.,
electron and hole effective mass parameters along polarization direction jˆ, respectively.
Above-band gap band-to-band transitions:
At photon energies far above the band gap, multiple transitions originating at multi-
ple points in the Brillouin zone often overlap, and CP features due to individual tran-
sitions cannot be differentiated by experiment. Hence, broadened Lorentzian or Gaus-
sian oscillators are often used to account for broad CP features typical for above-band
gap spectra.[165, 200, 205] Here, we use the same anharmonic broadened functions as in
Eq. 4.5.
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Higher energy band-to-band transitions:
Transitions above the spectral range investigated here contribute to the overall lineshape
of the dielectric functions at wavelengths within the investigated spectral range. Such
higher energy contributions are usually accounted for by Gaussian broadened oscillator
functions:[165, 200, 205]
ε2(h¯ω) = A(e−(
h¯ω−E
σ )
2 − e−( h¯ω+Eσ )2). (4.7)
σ =
B
2
√
ln(2)
,
where amplitude A, center energy E, and broadening B are adjustable parameters. The
real part, ε1, is obtained by the Kramers-Kronig integration[206]:
ε1(ζ) =
2
π
P
∫ ∞
0
ξε2(ξ)
ξ2 − ζ2 dξ. (4.8)
Note that each non-trivial sum in Eqs. 4.3 satisfies the Kramers-Kronig integral condition
[177, 192, 207], and which can be set as additional side condition during the CP-MDF
analysis.
4.4 Experimental
Bulk single crystalline β-Ga2O3 was grown by Tamura Corp., Japan by the edge-defined
film fed growth process as described in Refs. 208–210. Samples were then cut at different
orientations to the dimensions of 650 μm × 10 mm × 10 mm, and then polished on one
side. In this paper we investigate a (010) and a (201) surface.
4.4.1 Generalized Spectroscopic Ellipsometry
Mueller matrix generalized spectroscopic ellipsometry data were collected from 133 nm to
1690 nm. The VUV measurements were obtained using a rotating-analyzer ellipsometer
with an automated compensator function (VUV-VASE, J.A. Woollam Co., Inc.). Data were
acquired at three angles of incidence (Φa=50◦, 60◦, 70◦), and at several azimuthal angles
by manually rotating the sample about the sample normal in steps of ≈45◦. Note that
in the VUV range, due to limitations of the instrument, no elements in the fourth row of
the Mueller matrix are available. Measurements from the NIR to near-ultraviolet (NUV)
were performed using a dual-rotating compensator ellipsometer (RC2, J.A. Woollam Co.,
Inc.) allowing for the determination of the complete 4×4 Mueller matrix. Measurements
were taken at three angles of incidence (Φa=50◦, 60◦, 70◦), and at different orientations
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by auto-rotating the sample by steps of 15◦ beginning at the same azimuthal orientation
as in the VUV measurements. All model calculations were conducted using WVASE32TM
(J. A. Woollam Co., Inc.).
4.4.2 Density Functional Theory
DFT code QE∗ was used for calculations of the band structure and band to band tran-
sitions. The primitive cell of β-Ga2O3, with vectors p1 = (a− b)/2 and p2 = (a+ b)/2,
consisting of six oxygen and four gallium atoms was used, and the initial atomic positions
and parameters of the unit cell were taken from Ref. 212. The atoms were represented by
norm-conserving pseudopotentials from the QE library; the pseudopotential for gallium
did not include the 3d electrons in the valence configuration. Structure relaxation was per-
formed to force levels less than 10−5 Ry/bohr using the exchange-correlation functional of
Perdew, Burke and Ernzerhof (PBE).[213] A 4×4×4 regular shifted Monkhorst-Pack grid
was used for sampling of the Brillouin zone[214]. A convergence threshold of 10−12 was
used to reach self-consistency with a large electronic wavefunction cutoff of 100 Ry. The re-
sulting lattice parameters obtained are shown in Tab. 4.2 in comparison with results from
previously reported studies using generalized gradient approximation DFT (GGA-DFT)
methods. We find very good agreement between our values and those reported previously.
The structure fully relaxed at the PBE level was used for electronic structure calculations
employing the hybrid Gaussian-attenuated PBE (Gau-PBE) functional.[215, 216] This cal-
culation was performed with a 6×6×6 Γ-centered Monkhorst-Pack grid (after testing the
convergence with respect to the grid of k-points up to 8×8×8), and with otherwise the
same parameters as for the preceding PBE calculations. The converged Gau-PBE wave-
function was used to analyze the band structure.
Fig. 4.2 shows the Brillouin zone corresponding to the primitive cell used in the
present study. Example coordinates for a high symmetry path to sample the Brillouin
zone are given in Tab. 4.1. The band structure along the high symmetry path was
plotted using the band interpolation method based on the maximally localized Wannier
functions[218, 219] as implemented in the software package WANNIER90[220]. We used
s and p orbitals on both Ga and O atoms and performed disentanglement of the bands
in a frozen energy window from -5 eV to 22 eV. The disentangled bands were also used
for calculating the effective masses of the carriers. The bands were sampled in the range
±0.005 A˚−1 from the Γ point parallel to the crystal directions a, b, and c. Parabolic curves
were used to fit the dispersions of the respective energy bands and the quadratic terms of
the parabolas were converted to inverse effective mass tensor parameters as follows:
∗Quantum ESPRESSO is available from http://www.quantum-espresso.org. See also: Ref. 211
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Figure 4.2: (Color online) The primitive cell and corresponding Brillouin zone used for
plotting the band structure of β-Ga2O3. p1, p2, and p3 denote axes of the primitive cell (p3
not labeled for better clarity of the diagram); k1, k2, k3 denote axes of the first Brillouin
zone in the reciprocal space. Labeling of high symmetry points as proposed by Setyawan
and Curtarolo[217].
Table 4.1: Example coordinates of the high symmetry points in the Brillouin zone. Note
that one can draw four symmetry-equivalent paths, i.e., one for each irreducible BZ.
Label Coordinates
for BZ in Fig. 4.2
Γ [0,0,0]
Y [1/2,1/2,0]
F [1-ζ,1-ζ,η-1]
L [1/2,1/2,-1/2]
I [φ,1-φ,-1/2]
I1 [1-φ,φ-1,-1/2]
Z [0,0,-1/2]
F1 [ζ,ζ,-η]
X1 [ψ,1-ψ,0]
X [1-ψ,ψ-1,0]
N [1/2,0,0]
M [1/2,0,-1/2]
Variables: ζ = [2+ (a/c) cos(β)]/[4 sin2(β)] = 0.39715
η = 1/2− 2ζ(c/a) cos(β) = 0.58937
ψ = 3/4− b2/[4a2 sin2(β)] = 0.7336
φ = ψ − (3/4− ψ)(a/c) cos(β) = 0.74181
(
m−1
)
jj
=
1
h¯2
∂2
∂k2j
E(k), (4.9)
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where derivatives are taken along directions k = kj jˆ with unit vector jˆ, for example,
parallel to a, b, or c.
Significant band-to-band transitions contributing to the dielectric tensor are identified
by analyzing the matrix elements |Mcv|2 of the momentum operator between conduction
and valence bands at the Γ point (Tab. 4.5). The signatures (parallel or anti-parallel) of the
projections of |Mcv|2 along the crystal directions a and c∗ were obtained from inspecting
the complex argument of Mcv. Transition eigenvectors with parallel (antiparallel) argu-
ments were respectively plotted in the first (second) quadrant of the Cartesian (a− c)
plane.
Table 4.2: Comparison between the experimental and theoretical lattice constants (in A˚).
Exp.a Exp.b Calc.c Calc.d Calc.e Calc.f Calc.g
a 12.214 12.233 12.287 12.27 12.31 12.438 12.289
b 3.0371 3.038 3.0564 3.03 3.08 3.084 3.0471
c 5.7981 5.807 5.823 5.80 5.89 5.877 5.8113
β 103.83 103.82 103.73 103.7 103.9 103.71 103.77
aRef. 212.
bRef. 221.
cThis work, PBE.
dB88(exchange)+PW(correlation), Ref. 222.
ePBE, Ref. 223.
fPBE, Ref. 224.
gAM05, Ref. 164.
4.5 Results and Discussion
4.5.1 Wavelength-by-wavelength analysis of the dielectric function tensor
Experimental and best match model calculated Mueller matrix GSE data is summarized
in Figs. 4.3 and 4.4 for the (010) and (201) surfaces, respectively. Selected data, obtained
at 3 different sample azimuthal orientations 45◦ apart, and 3 angles of incidence (50◦, 60◦
and 70◦) are displayed. Panels with individual Mueller matrix elements are shown sep-
arately and arranged according to their indices. All Mueller matrix data are normalized
to element M11, therefore all GSE data have no units. For non-magnetic and non-chiral
materials, in general, and as can be seen in the experimental and calculated data, Mueller
matrix elements with symmetric indices can be obtained from simple symmetry opera-
tion, thus only the upper diagonal elements are presented. Data are shown for energies
0.75-9 eV except for M44 which only contains data from approximately 0.75-6.2 eV due
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Figure 4.3: Experimental (dotted, green lines) and best match model (solid, red lines)
Mueller matrix data obtained from β-Ga2O3 (010) surface at three different azimuthal
orientations (P1: ϕ = 38.5(1)◦ , P2: ϕ = 77.4(1)◦, P3: ϕ = 130.42(1)◦). Data were taken at
three angles of incidence (Φa = 50◦, 60◦, 70◦). Vertical lines indicate energies at which CP
transitions were suggested by the lineshape analysis. For color code and line styles of
vertical lines, refer to Fig. 4.11. Euler angle parameters θ = -0.04(1)◦ and ψ = 0.0(1)◦ are
consistent with the crystallographic orientation of the (010) surface. Note that angles of
incidence in element M22 are not labeled as they are indistinguishable from each other.
to instrumental limitations of the VUV-VASE system. Data gathered from additional az-
imuthal orientations are not shown.
Each data set (sample, azimuthal orientation, angle of incidence) is unique, however,
characteristic features are shared between them all at energies indicated by vertical lines.
While we do not show all data in Figs. 4.3 and 4.4, we note that all data sets are identical
when samples are measured at 180◦ rotated azimuth orientation. Most important to note
in the experimental Mueller matrix data is the clear anisotropy shown by the nonzero
off-diagonal block elements (M13, M14, M23, M24) and strong dependence on sample az-
imuthal orientation in all Mueller matrix elements. All data gathered by the measurement
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Figure 4.4: Same as Fig. 4.3 except for β-Ga2O3 (201) surface. (P1: ϕ = 184.3(1)◦ , P2: ϕ =
228.9(1)◦ , P3: ϕ = 266.7(1)◦). Euler angle parameters θ = 89.97(1)◦ and ψ = -52.9(1)◦ are
consistent with the crystallographic orientation of the (201) surface. Note that angles of
incidences are labeled wherever they are distinguishable.
of multiple samples, with multiple orientations, and at multiple angles of incidence were
analyzed simultaneously using a best-match model data regression procedure (polyfit).
For each energy, up to 144 independent data points were included from 2 samples, 3
angles of incidence, and as many as 24 different azimuthal orientations. Only 8 inde-
pendent model parameters for real and imaginary parts of εxx, εyy, εzz, εxy as well as 2
sets of energy-independent Euler angles describing the sample orientation and crystallo-
graphic structure and 2 roughness layer thickness parameters were fit for. The thickness
parameters for the roughness layer of the (010) and (201) samples were determined to be
1.78(1) nm and 1.61(1) nm, respectively. The best match model calculated Mueller ma-
trix elements from the polyfit procedure are shown in Figs. 4.3 and 4.4 as red solid lines.
We obtain an excellent agreement between model calculated and experimental Mueller
matrix data. Euler angle parameters noted in the captions of Figs. 4.3 and 4.4 are in
agreement with anticipated orientations of the crystallographic axes of each of the sam-
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ples. The dielectric function tensor elements, εxx, εyy, εxy, and εzz determined from the
wavelength-by-wavelength polyfit procedure are shown in Fig. 4.5, Fig. 4.6, Fig. 4.7 and
Fig. 4.8, respectively, as dotted green lines.
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Figure 4.5: (a) Dielectric function tensor element εxx, approximately along axis a in our
coordinate system, obtained from wavelength-by-wavelength (polyfit) analysis (green dot-
ted lines) and best match MDF analysis (red solid lines).Vertical lines indicate CP tran-
sition energy model parameters obtained from MDF analysis. Data from analysis by
Sturm et al. are included for comparison (Sturm et al.[163] used in accordance with the
Creative Commons Attribution (CC BY) license; open symbols). (b) Imaginary part of the
individual CP contributions to the MDF used in this work are shown. For color code and
line styles refer to Fig. 4.11.
4.5.2 CP model analysis
We identify 11 differentiable contributions in εxx, εyy, and εxy, and 5 in εzz. Distinct
features can be seen, e.g., in the imaginary part of each tensor element in Figs. 4.5-4.8.
Vertical lines are drawn corresponding to the results from our CP analysis at the respective
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Figure 4.6: Same as Fig. 4.5 for εyy approximately along axis c∗.
CP transition energy model parameters. Note that while vertical lines are identical for εxx,
εyy, and εxy, a different set is seen for εzz which corresponds to the difference between the
monoclinic a-c plane and the axis parallel to b.[225]
a-c plane
Eleven CP features are needed to match the tensor elements. Functions described in
Sect. 4.3.3 are used to model individual CP contributions as projections in the x-y plane
with angular parameters αCP,j. The lowest band-to-band transition, CPac0 was modeled
with the HCP CP function (Eq. 4.4) with an excitonic contribution determined by an
asymmetrically broadened Lorentzian oscillator (Eq. 4.5). It was assumed that excitonic
and band-to-band transition contributions share the same unit eigenvector (angular pa-
rameter αCP,0). The exciton CP contribution is labeled CPac0x. We identify a second pair of
CP contributions (CPac1 , CP
ac
1x, αCP,1) using the same functions. A Gaussian oscillator was
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Figure 4.7: Same as Fig. 4.5 for εxy within the a-c plane.
used to model a very small CP contribution at 5.64 eV which could not be further differ-
entiated (CPac2 , αCP,2). Above-band gap CP contributions (CP
ac
3−6, αCP,3−6) were identified
at higher photon energies, which were modeled by asymmetrically broadened Lorentzian
oscillators (Eq. 4.5). We were unable to differentiate between excitonic and band-to-band
transition contributions associated with these higher energy CPs. Contributions due to
higher-energy transitions, outside the investigated spectral region, were accounted for
by a Gaussian function CP with projection along x (CPac7 ), and y (CP
ac
8 ). The resulting
best-match CP-MDF parameters are listed in Tab. 4.3, and are shown as solid red lines
in Figs. 4.5-4.7. An excellent agreement between our GSE wavelength-by-wavelength ob-
tained and CP-MDF calculated data is noted. We also note close agreement with the GSE
wavelength-by-wavelength obtained data reported by Sturm et al.
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Figure 4.8: Same as Fig. 4.5 for εzz approximately along axis b.
b axis
Six CP features are needed to match the dielectric tensor element ε zz. Functions described
in Sect. 4.3.3 are used to model individual CP contributions projected along axis b. The
lowest band-to-band transition, CPb0 was modeled with the HCP CP function (Eq. 4.4;
CPb0) with an excitonic contribution (CP
b
0x) determined by an asymmetrically broadened
Lorentzian oscillator (Eq. 4.5). Above-band CP contributions (CPb1−2) were identified and
modeled by functions in Eq. 4.5. Here again, we were unable to differentiate between
excitonic and band-to-band transition contribution. Contributions due to higher-energy
transitions, outside the investigated spectral region, were accounted for by a Gaussian
function CP with projection along z (CPb3−4). The resulting best-match CP-MDF parame-
ters are listed in Tab. 4.4, and are shown as solid red lines in Fig. 4.8. Again, an excellent
agreement between our GSE wavelength-by-wavelength obtained and CP-MDF calculated
data is noted. We also note close agreement with the GSE wavelength-by-wavelength ob-
tained data reported by Sturm et al.
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Table 4.3: CP-MDF parameters for polarization within the a-c plane of β-Ga2O3 obtained
in this work from MMGE wavelength-by-wavelength data analysis of (010) and (201) sur-
faces of single crystalline bulk β-Ga2O3.
α (◦) A (eV) E (eV) B (eV) b (eV)
CPac0x 115.1(1) 1.35(1) 4.92(1)
a 0.40(1) 0.44(1)
bCPac0 115.1(1) 25.9(4) 5.04(1) 0.02(1) -
CPac1x 25.2(1) 1.50(1) 5.17(1)
a 0.43(1) 0.48(1)
bCPac1 25.2(1) 28.0(5) 5.40(1) 0.09(1) -
cCPac2 174.2(2) 0.19(1) 5.64(1) 1.05(1) -
CPac3 50.4(1) 0.85(1) 6.53(1) 0.34(1) 0.11(1)
CPac4 114.6(1) 0.88(2) 6.94(1) 0.56(1) 0.35(1)
CPac5 105.4(1) 4.60(5) 8.68(1) 1.94(1) 2.24(4)
CPac6 29.2(1) 1.45(4) 8.76(1) 0.97(2) 0.22(1)
cCPac7 106.4(1) 2.34(1) 10.91(1) 8.28(1) -
cCPac8 17.6(1) 3.56(1) 12.54(1) 8.28(1) -
aEnergy calculated from binding energy model parameter.
bDenotes 3D M0 Adachi function.
cDenotes Gaussian oscillator used in this analysis.
Table 4.4: Same as for Tab. 4.3 but for transitions polarized parallel to axis b.
A (eV) E (eV) B (eV) b (eV)
CPb0x 0.97(6) 5.46(3)
a 0.54(1) 0.32(1)
bCPb0 64(2) 5.64(1) 0.11(1) -
CPb1 1.24(6) 5.86(1) 0.50(2) 0.15(2)
CPb2 0.59(7) 7.42(3) 0.95(5) 0.08(1)
cCPb3 1.37(3) 9.53(1) 0.47(2) -
cCPb4 3.50(1) 13.82(1) 8.86(1) -
aEnergy calculated from binding energy model parameter.
bDenotes 3D M0 Adachi function.
cTransition outside investigated spectral region with limited sensitivity modeled with a Gaussian oscillator.
4.5.3 DFT analysis
4.5.3.1 Band structure
Figure 4.9 shows plots of the band structure at the DFT (PBE functional) and hybrid
HF-DFT (Gau-PBE functional) levels of theory. The major difference between the two plots
is the expected opening of the energy gap between the valence and conduction bands by
about 2 eV. The most important feature, common to both plots, is the lowest conduction
band which dominates the Brillouin zone center. A direct comparison between our band
structures and previously published data is rather difficult as the majority of the authors
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Figure 4.9: Band structure of β-Ga2O3. (a) At the GGA-DFT (PBE) level; (b) at the hybrid
HF-DFT (Gau-PBE) level.
only considered some of the high symmetry points in the first Brillouin zone. A band
structure plotted using a comparable set of high symmetry points to the one used in the
present work and also at the hybrid HF-DFT level was for example published by Peelaers
and Van deWalle[226]. They used the HSE density functional with the fraction of HF-DFT
exchange adjusted to reproduce an assumed value of the band gap. Their valence bands
are very similar to ours, whereas their conduction bands are slightly shifted to higher
energies and steeper than ours, most likely due to the effect of the higher amount of
HF-DFT exchange included into the calculations (35% vs 24% in Gau-PBE).
The character of the band gap in β-Ga2O3 can be obtained from the band structure.
The broad valence band maximum (VBM) has been reported previously along the L-
I line of the Brillouin zone[226, 227], slightly off the L point. Note again that in the
current manuscript we use the nomenclature and labeling proposed by Setyawan and
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Curtarolo[217] with point L=[1/2,1/2,1/2], while in most previous publications this point
is labeled M. Due to the fact that the valence band is very flat along the L − I line,
the actual location of the VBM can be easily missed. However, the energy difference
between the actual VBM and, for example, the top valence band energy at the L-point
only amounts to few meV. Thus studying the band properties at high-symmetry points
L and at the Γ points is accurate enough. Local density approximation DFT methods
typically predict the band gap to be indirect, and render the valence band at the L-point
about 100 meV higher than the direct gap at Γ[227]. At the GGA-DFT level this difference
is reduced to about 20-50 meV[164, 222], and this usually holds for hybrid HF-DFT as
well[164, 181, 226, 228]. Our results at the Gau-PBE level show the VBM near the L
point about 50 meV higher than the top valence band at Γ. Interestingly, at the GW level
(quasiparticle bands) the band gaps are completely degenerate, or even the direct gap
appears marginally higher[164]. However, Ratnaparkhe and Lambrecht[229] used the
quasiparticle self-consistent version of GW, QSGW[230], and obtained the indirect band
gap energy smaller by nearly 100 meV than the direct band gap energy.
4.5.3.2 Band-to-band transitions
We analyze band-to-band transitions by identifying all allowed transitions, i.e., transi-
tions with non-zero matrix elements of the momentum operator between conduction and
valence bands, and whose transition energies are less than 10 eV. We find eight such tran-
sitions, summarized in Tab. 4.5 and Tab. 4.6, respectively, with polarization within the a-c
plane and along axis b, respectively. The transition labels are according to the numbers of
the bands involved, where numberings start at the top of the valence and at the bottom
of the conduction bands. The matrix elements of the momentum operator are obtained
from the overlap of the wavefunctions for the respective energy bands. Hence, their val-
ues represent the probabilities of the transitions, i.e., transition amplitudes, which can be
compared to experimental ones. In the case of a-c plane transitions, which do not have
any pre-defined orientation within the plane, the transition probabilities along the crys-
tallographic directions a and c∗ constitute Cartesian components of the corresponding
transition vectors, thereby defining the polarization direction of the band-to-band transi-
tion in space. Their orientations are shown in Fig. 4.12(b), and can be compared to the
eigendielectric displacement vectors obtained from GSE analysis. The fundamental (low-
est energy) band-to-band transition is polarized nearly parallel to the crystallographic
axis c. It is closely followed by a second transition polarized at a small angle from the
crystallographic axis a. The lowest transition along the crystallographic axis b occurs
about 0.6 eV above the fundamental transition in the a-c plane. This tendency agrees well
with GW results shown in Tab. VIII of Ref. 164.
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Table 4.5: Calculated band-to-band transition energies (E) within the a-c plane, and tran-
sition matrix elements |Mcv|2a and |Mcv|2c projected onto axis a and c, respectively. Tran-
sitions are labeled Γc−v with indexes numbering bands upwards from the bottom (c = 1)
of the conduction band and downwards from the top (v = 1) of the valence band at the
Γ point. The polarization angle α is measured relative to axis a. Units of matrix elements
are (h¯/Bohr)2.
Label E (eV) α(◦) |Mcv|2a |Mcv|2c∗ c v
Γ1−1 4.740 100.504 0.01972523 0.10638229 1 1
Γ1−2 4.969 7.498 0.12773652 0.01681217 1 2
Γ1−7 6.279 74.797 0.01304504 0.0480026 1 7
Γ1−11 6.879 129.305 0.02598545 0.03174252 1 11
Γ2−3 8.453 34.828 0.01417296 0.00986065 2 3
*Γ4−1 9.0163 108.953 0.00011979 0.00034883 4 1
*Γ4−2 9.2456 75.6222 0.00075006 0.00292599 4 2
Γ3−3 9.432 88.912 0.0006232 0.03281954 3 3
Γ2−8 9.679 81.108 0.01732007 0.11070298 2 8
Γ1−16 9.714 5.4189 0.01139088 0.00108055 1 16
* Transition with small transition matrix element and disregarded in this work for CP model analysis
comparison.
Table 4.6: Same as Tab. 4.5 for polarization parallel axis b. Units of matrix elements are
(h¯/Bohr)2.
Label E (eV) |Mcv|2 c v
Γ1−4 5.350 0.06036769 1 4
Γ1−6 5.636 0.14341762 1 6
Γ1−13 7.472 0.00012693 1 13
Γ2−5 8.680 0.02112952 2 5
Γ4−4 9.626 0.00457146 4 4
Γ3−5 9.658 0.00327158 3 5
Γ4−6 9.912 0.00129364 4 6
Γ2−9 9.991 0.08355157 2 9
4.5.3.3 Conduction and valence band effective mass parameters
Fig. 4.10 shows the vicinity of the Γ point of the Brillouin zone, with top valence bands
and the first conduction band. The four lowest transitions are schematically shown as
vertical arrows. The first conduction band is clearly parabolic, and rather symmetric, in-
dicating a nearly isotropic electron effective mass, which is consistent with many previous
studies[164, 227]. It has been assumed previously[162] that due to the valence bands be-
ing generally flat, the hole effective masses are expected to be large, and that the electron
effective mass parameter hence dominates the carrier reduced masses for the zone center
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Figure 4.10: (Color online) Band structure in the vicinity of the Γ point. Arrows indi-
cate two lowest vertical band-to-band transitions polarized along the b axis (red dashed
arrows) and within the a-c plane (black solid arrows). Note that the reciprocal space di-
rection Γ-X corresponds to the real space directions parallel to the crystallographic vector
b, and the reciprocal space direction Γ-Y corresponds to the real space direction lying
within the a-c plane, inclined at a small angle from the crystallographic vector a.
band-to-band transitions. As can be inferred from Fig. 4.10, however, the valence band
structure is far from isotropic. For example, the curvature of the second valence band in
the direction Γ− Y, and the curvature of the fourth valence band in the direction X − Γ
are similar to the curvature of the first conduction band. The general shape of these bands
in different directions reveals a strong anisotropy.
Table 4.7: Effective mass parameters for conduction (c) and valence (v) bands as indexed,
and reduced effective mass parameter for lowest transition along directions jˆ in units of
me. The exciton binding energy Rcalc is then obtained for the lowest transition according
to Eq. 4.6. Rexp is obtained from GSE analysis in this work. Data for ε∞,jj were obtained
from GSE data measured in this work at 0.75 eV.
jˆ mc1,jj (me) mv1,jj (me) mv2,jj (me) mv4,jj (me) μcalc,jj (me) ε∞,jj Rcalc (eV) Rexp (eV)
a 0.224 1.769 0.466 6.649 0.151 3.474 0.171 0.23(1)
b 0.301 >10a 2.37 0.566 0.197 3.607 0.205 0.18(1)
c 0.291 0.409 5.617 >10a 0.170 3.562 0.183 0.12(1)
aBand very flat in this direction
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Electron effective mass:
The electron effective mass for β-Ga2O3 has been studied previously, both by computation
and experiment. Computational results consistently predict a very small anisotropy, but
span a relatively wide range of values: from (0.12...0.13)me (GGA-DFT) [222], through
(0.23...0.24)me (local density approximation DFT)[227], to 0.39me[231]. At the hybrid
HF-DFT level the reported values are more consistent: (0.26...0.27)me [164], (0.27...0.28)me
[181, 226] with the HSE functional, and 0.34me for the B3LYP functional[228]. Our results
(Gau-PBE) are presented in Tab. 4.7, which fall within this broad range of reported values,
but exhibit a slightly higher anisotropy than found in previous studies.
Hole effective mass parameters:
We have analyzed the effective mass parameters for the three valence bands involved in
the lowest band-to-band transitions, and data are presented in Tab. 4.7. It is obvious
that the hole effective mass anisotropy cannot be neglected for these bands. To our best
knowledge, hole effective mass parameters at the Γ point have not been reported for β-
Ga2O3 thus far. Yamaguchi[227] presented values of the top valence band effective mass
parameter at point labeled “E” away from the zone center and thus not relevant for zone
center transitions.
We note an interesting observation from our analysis here: The lowest values of the
hole effective mass for each valence band occurs in the approximate polarization direction
of the transition that connects this particular valence band and the lowest conduction
band, and which we observe and identify from our GSE and DFT analyses. For the first
and topmost valence band, the lowest value of the effective mass occurs along axis c,
and the transition Γ1−1 is polarized nearly along axis c as well. For the second valence
band, the lowest effective mass is along axis a and the transition Γ1−2 is polarized near
axis a. For the fourth valence band the lowest hole effective mass is along b and the
transition Γ1−4 is polarized along b. We thus observe here a clear correlation between
the transition selection rules for electronic band-to-band transitions and the values of the
carrier effective masses for these transitions. In contrast to previous studies, we find
that not only do the hole effective mass parameters matter, but due to their very large
anisotropy these parameters may play a decisive role for the polarization of the band-to-
band transitions as well as their associated excitonic contributions.
4.5.3.4 Exciton binding and effective Rydberg energy parameters
Table 4.7 also lists the exciton binding energies for the three lowest band-to-band transi-
tions, for which the excitonic CP model parameters can be resolved in our experimental
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data. Exciton binding energy parameters were calculated according to Eq. 4.6 from re-
duced mass parameters of each electron and hole pair for the lowest three transitions.
Because of the large values of R observed in our experiment, which exceed the energy
values of all infrared-active phonon modes[177], we chose the static dielectric function pa-
rameters from experimental GSE wavelength-by-wavelength determined epsilon tensor
element values at photon energy well above the reststrahlen range, at 0.75 eV (Tab. 4.7).
We observe a good agreement between calculated and experimental values for R.
4.5.4 Comparison of DFT, GSE and literature results
Table 4.8: Energies and polarization eigenvector directions of the three lowest near-band
gap CP transitions including excitonic contributions determined for monoclinic β-Ga2O3
in this work, in comparison with literature data. The polarization angle α in the a-c plane
is defined between axis a and the respective transition dipole polarization direction.
Eac,0x Eac,0 α Eac,1x Eac,1 α Eb,0x Eb,0 α
(eV) (eV) (eV) (eV) (eV) (eV)
This work 4.92(1) 5.04(1) 115.1(1)◦ 5.17(1) 5.40(1) 25.2(1)◦ 5.46(3) 5.64(1) b-axis
Ref. 163a 4.88 5.15b 110◦ 5.1 5.37b 17◦ 5.41-5.75 5.68-6.02b b-axis
Ref. 180c - 4.4 c-axis - 4.57 a-axis - 4.72 b-axis
Ref. 183c - 4.54 c-axis - 4.56 ⊥ to c and b - 4.90 b-axis
This work DFT - 4.740 100.504◦ - 4.969 7.498◦ - 5.350 b-axis
Ref. 164d 4.65 5.04 Mainly c 4.90 5.29 Mainly a 5.50 5.62 b-axis
a Ellipsometry
b A fixed exciton binding energy parameter of 0.27 eV common to all 3 CP transitions listed here was
assumed.
c Room temperature absorption edge.
d Theory.
Figure 4.11 summarizes energy levels below 10 eV determined by CP-MDF analysis
and calculated by DFT in our work. Data from Sturm et al. are included for comparison.
Overall, the agreement between our GSE and DFT results is excellent, in particular in the
near-band-gap transition region, where number of observed transitions (4 in a-c plane, 3
along b) and their energy levels agree very well. At higher energies, individual transitions
identified from DFT cannot be differentiated by GSE analysis, and appear as combined
CP contributions.
a-c plane:
CP-MDF and DFT transition energies are listed in Tables. 4.3 and 4.5, respectively. In
Fig. 4.11 we indicate a small contribution (CPac2 at 6.53 eV) for which we do not observe
an equivalent transition in our DFT results. This energy is close to a strong contribution
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Figure 4.11: Transition energies determined by CP-MDF analysis and calculated by DFT
in our work, in comparison with data reported by Sturm et al. (Sturm et al.[162]). (Short-
dashed (Sturm et al.) and dashed lines (this work): exciton transitions; solid lines: near-
band gap band-to-band transitions; dash-dotted lines: above-band gap transitions; dotted
lines: higher energy transitions. For respective CP-MDF contributions see Sect. 4.3.3. DFT
levels all refer to band-to-band transitions (solid lines). Color code for DFT a-c plane data
are intended to match with order of energy levels identified in GSE CP-MDF analysis.)
identified along axis b, and it appearance in the a-c plane may originate from lattice de-
fects or from slight experimental misalignment. Figure 4.12 (a), (b) depict CP transition
eigenvectors multiplied with their respective CP transition amplitude parameters, or tran-
sition matrix element, obtained from GSE and DFT, respectively. Colors and linestyles are
as in Fig. 4.11, for convenient guiding of the eye. As one can see, the agreement between
eigendielectric displacement unit vectors in our CP-MDF approach and the polarization
selection conditions obtained from DFT is remarkably good, in particular for the first two
band-to-band transitions. None of the identified contributions are purely polarized along
either axis a, c, or c*. At higher energies we see a considerable shift between GSE and
DFT. We attribute this to an increase in error associated with both the experimental re-
sults and the calculations at higher energies. The higher energy transitions predicted by
DFT calculations which cannot be resolved from our GSE investigation are shown all in
dark blue, the remaining colors correspond to the associated transitions identified by our
GSE analysis. Previous work assumed transitions were independently polarized along
crystallographic axes. We find here that the lowest two transitions are indeed polarized
close to crystal axes c and a, respectively. Matsumoto et al. (Ref. 183) describe the onset
of absorption at 4.54 eV and 4.56 eV for polarization along c and for polarization per-
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Figure 4.12: Colors and lines styles as in Fig. 4.11. (a) Labels as given in Tab. 4.3. MDF-CP
transition eigenvectors, jˆ = cos αjxˆ+ sin αjyˆ, multiplied with their respective CP transition
amplitude parameter, A. The amplitudes of the transitions have been normalized to the
amplitude of the first transition, and the CP-MDF unit eigenvectors have been rotated by
≈17◦. Small transition amplitude parameters are multiplied for convenience, as indicated.
(b) Labels as given in Tab. 4.5. DFT calculated transition matrix vector elements, |Mcv|2a,
|Mcv|2c . The magnitudes of the transition elements have been normalized by the vector
magnitude of the first transition.
pendicular to both c and b, respectively, also significantly lower than those found in this
work. Ricci et al. (Ref.180) reported absorption measurements and found the lowest onset
occurring with polarization in the a-c plane at 4.5-4.6 eV, which is again at much lower
energy than observed in this work. In these previous reports, the exciton contributions
were not considered. The closest comparison can be made with the CP-MDF analysis
performed by Sturm et al. (Ref. 162). We find that the energy levels of the lowest exciton
contributions agree very well with those found in our work. However, because Sturm et al.
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imposed the constraint of fixed and uniform exciton binding energy parameters, we find
in detail different band-to-band transition energy parameters is our work. Table 4.8 sum-
marizes energy and polarization eigenvector directions of the near-band-gap transitions
determined in this work in comparison with previous reports.
b axis
CP-MDF and DFT transition energies are listed in Tables. 4.4 and 4.6, respectively. Fig-
ure 4.11 summarizes transition energies obtained in this work, in comparison with data
reported by Sturm et al.. Matsumoto et al. (Ref. 183) using reflectance measurements de-
scribe the onset of absorption around 4.9 eV with an absorption edge at 5.06 eV, slightly
below our GSE value. Ricci et al. (Ref. 180) reported the onset of absorption occurring
at approximately 4.8 eV. Energies reported by Sturm et al. (Ref. 162) are shifted in detail,
which could be explained by the set binding energy constraint.
Exciton binding and effective Rydberg energy parameters
Using the effective mass parameters obtained from our DFT calculations and DFT cal-
culated transition energies, we derived binding energies for Wannier-type excitons, and
assuming absence of phonon interaction. We observe that both data sets reflect direction
dependent binding energy parameters, and both sets show similar magnitude. Our find-
ing suggests that the assumed binding energies of 270 meV by Sturm et al. overestimated
the exciton shift of the onset of absorption in β-Ga2O3. Values for R are found different
for each transition in contrast to those calculated by Sturm et al. (Ref. 162) who assumed
a fixed value of 291 meV for each transition, estimated from an averaged ε∞ of 3.55 and
an electron effective mass parameter of 0.27m0 ignoring hole mass parameter anisotropy.
4.6 Conclusions
The eigendielectric displacement model was applied for an analysis of β-Ga2O3 expand-
ing into the vacuum ultra-violet spectral region, and permitting for direction dependent
exciton binding parameters. We differentiated 9 critical point contributions in the a-c
plane, the lowest 2 of which were modeled with excitonic contributions. Additionally, we
observed five critical point contributions in the b direction, with an excitonic contribution
associated with the lowest transition. The binding energy parameter of the excitons were
shown to present with distinct values ranging from 0.12-0.23 eV. Additionally, transitions
in the monoclinic plane, which does not contain any symmetry operation, were found
to be distributed within the plane and none aligned with major crystal directions a or c.
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Our experimental analysis compares well with results from density functional theory cal-
culations performed using a Gaussian-attenuation-Perdew-Burke-Ernzerhof density func-
tional. From the analysis of the dielectric function we observe the same number of optical
transitions in the energy range below 8 eV (below the continuum) as expected from den-
sity functional theory calculations in the same energy range for the Gamma point alone.
Even though high symmetry points away from the Brillouin zone center give rise to ad-
ditional Van-Hove singularities and potentially additional phonon-assisted band to band
transitions, we can see no experimental evidence of additional transitions contributing to
the measured dielectric function. As far as ellipsometry is concerned, beta-Ga2O3 is ef-
fectively a direct-bandgap material. We find that the effective masses for holes are highly
anisotropic and correlate with the selection rules for the fundamental band-to-band tran-
sitions. The observed transitions are polarized close to the direction of the lowest hole
effective mass for the valence band participating in the transition. The model dielectric-
function approach and parameter set for β-Ga2O3 presented here will become useful for
ellipsometry analysis of heterostructures, and may be expanded for description of alloys
with monoclinic crystal symmetry.
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Chapter 5
Elevated temperature dependence of
the anisotropic visible-to-ultraviolet
dielectric function of monoclinic
β-Ga2O3
5.1 Abstract
We report on the temperature dependence of the dielectric tensor elements of n-type con-
ductive β-Ga2O3 from 22◦C-500◦C in the spectral range of 1.5 eV–6.4 eV. We present the
temperature dependence of the excitonic and band-to-band transition energies and their
eigenpolarization vector orientations. We utilize a Bose-Einstein analysis of the temper-
ature dependence of the observed transition energies and reveal electron coupling with
average phonon temperature in excellent agreement with the average over all longitudi-
nal phonon plasmon coupled modes reported previously [M. Schubert et al., Phys. Rev. B
93, 125209 (2016)]. We also report a linear temperature dependence of the wavelength in-
dependent Cauchy expansion coefficient for the anisotropic below-band-gap monoclinic
indices of refraction.
5.2 Introduction
Recently, the ultra-wide band gap semiconductor with monoclinic crystal symmetry, β-
Ga2O3, has become the subject of much research due to its potential for applications
in transparent electronics and high-energy photonics but also due to its potential to re-
place GaN and SiC in next generation power electronics. The monoclinic β-phase of
gallium oxide has the widest range of thermodynamic stability among the five polytypes
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(α, β, γ, δ, and ).[233, 234] Knowledge about fundamental properties of semiconduc-
tors with monoclinic symmetry is not exhaustive. β-Ga2O3 is attracting attention because
of high electrical breakdown field of 8 MV/cm and room-temperature electron mobility
of 300 cm2/Vs.[235–238] Schottky devices with reverse breakdown voltage in excess of
1 kV were reported.[239, 240] β-Ga2O3 has an ultra-wide room-temperature band-gap
of 5.04 eV,[241] which has been the topic of expanding computational and experimen-
tal work.[241–245] Ultra-violet solar-blind photo detectors have been reported.[246–248]
Transparent devices with β-Ga2O3 may operate at elevated temperatures, and the tem-
perature dependence of the properties of this emerging semiconductor are of interest.
Recent combined investigations with generalized spectroscopic ellipsometry (GSE) and
density functional theory (DFT) into the optical properties of this monoclinic semicon-
ductor were made to explore the room temperature dielectric tensor element spectra, and
to identify electronic and excitonic properties in single crystalline β-Ga2O3.[241] Exci-
tonic contributions were found to have distinct binding energies for different band pairs,
unlike zincblende or wurtzite structure semiconductors, as a consequence of the highly
anisotropic monoclinic lattice system. Also recently, the complete infrared active phonon
mode properties were revealed by DFT and GSE investigations.[249] In particular, the cou-
pling behavior of longitudinal optical (LO) modes with plasmon modes in n-type doped
β-Ga2O3 was described and found to differ fundamentally from that of traditional semi-
conductor materials such as Si and GaAs. Longitudinal plasmon-phonon (LPP) modes
were found to differ in their polarization directions from each other, and a strong de-
pendence on the eigendielectric polarization directions on the charge carrier density was
predicted. In a very recent paper, Sturm et al. report on the evolution of the dielectric
function tensor in the visible-to-ultra-violet spectral regions from room temperature to-
wards low temperatures. The dependence of the exciton and band-to band transition
was analyzed using the Bose-Einstein model.[250] In this work we investigate the effect
of elevated temperature onto the dielectric function of n-type doped β-Ga2O3 and de-
rive therefrom excitonic and band-to-band transition energies using an eigendielectric
polarization model approach.[241] In the eigendielectric polarization approach, critical
point structures which contribute to the anisotropic dielectric function tensor of β-Ga2O3
are represented by direction dependent (dyadic) polarizability functions.[251] The direc-
tion dependence originates from the polarization selection rules of the interband matrix
elements.[241] For monoclinic symmetry materials, an interesting question is whether and
under what circumstance not only exciton and band-to-band transitions shift but whether
their polarization selection rules change.
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Figure 5.1: Real and imaginary components of the dielectric tensor elements, εxx, εyy, εxy,
and εzz for room temperature (blue) to 500◦C (red). The functions were shifted vertically
with respect to the function at room temperature for convenience.
5.3 Experimental
Two single side polished crystallographic surfaces, (010) and (2¯01), cut from a single crys-
tal of Ga2O3 grown by Tamura Corp., Japan by edge-defined film fed growth process[252–
254] were investigated. Mueller matrix spectroscopic ellipsometry data were collected in
the spectral range of 194–1660 nm using a dual-rotating compensator ellipsometer (RC2,
J. A. Woollam Co., Inc.). Samples were placed inside a nitrogen purged heating cell (Heat
Cell, J. A. Woollam Co., Inc.) and aligned at an angle of incidence of 70◦. Data was
acquired in-situ while the sample chuck was heated from room temperature to 575◦C
at a constant rate of 6◦C/s. Temperature dependent Mueller matrix data was collected
from 3 azimuthal orientations per sample, by manually rotating each sample clockwise
by sample normal in steps of approximately 45◦. We note that window effects on the
Mueller matrix elements were accounted for by utilizing a reference bulk Si wafer. All
model calculations reported in this work were performed using WVASE32TM (J. A. Wool-
lam Co., Inc.)
We choose a coordinate system as described in Ref. 241 with x parallel to a, y parallel
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to c, and z parallel to b yielding the dielectric tensor:
ε =
⎛
⎜⎝
εxx εxy 0
εxy εyy 0
0 0 εzz
⎞
⎟⎠ . (5.1)
Note that c is defined perpendicular to the a–b plane for convenience, while c shares the
monoclinic angle β=103.7◦ with a.[255] A wavelength-by-wavelength approach is utilized
at each temperature simultaneously fit to 6 independent data sets (2 samples with 3
orientations each) to obtain the dielectric tensor elements εxx, εyy, εxy, and εzz. We note
that surface roughness was accounted for as described in Ref. 241. Oscillators are then
projected into each direction as well as into the shear plane. From the parameters of
these oscillator functions, amplitude, broadening, excitonic energy, transition energies,
and their eigendielectric polarization orientation are determined. Details pertaining to
this model approach can be found in Ref. 241
5.4 Results and Discussion
Figure 5.1 depicts the real and imaginary parts of the dielectric function obtained at tem-
peratures 22◦C, 100◦C, 200◦C, 300◦C, 400◦C, and 500◦C and determined by a wavelength-
by-wavelength approach. We observe a distinct broadening accompanied with a pro-
nounced red-shift of the critical point features. To begin with, the below-band-gap squares
of the indices of refraction are analyzed, determining ε∞ for each non-vanishing tensor
element. A Cauchy polynomial expansion was used retaining the first three coefficients
in the wavelength expansion, augmented by a linear dependence on temperature for the
wavelength independent Cauchy coefficient to analyze the wavelength-by-wavelength de-
termined dielectric tensor elements:
ε1,ij = ε∞,ij + Aij(T− T0) +
Bij
λ2
+
Cij
λ4
, (5.2)
where T0 is room temperature. Figure 5.2 presents the best-match model parameter result
for the wavelength independent portion of Eq. 5.2, obtained for each temperature inves-
tigated (black, boxes), and as a function of temperature (dashed lines). Table 5.1 lists all
below-band-gap model parameters, and compares ε∞ values reported at room tempera-
ture previously (Sturm et al., Ref. 243), where we note reasonable agreement except in the
shear element εxy.
An eigendielectric displacement vector approach as developed by us previously[249]
has been utilized to describe electronic transitions and excitonic effects of β-Ga2O3 at
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Figure 5.2: Wavelength independent part of the square of the anisotropic indices of re-
fraction of monoclinic β-Ga2O3 determined from the below-band-gap dielectric function
tensor as a function of temperature (black squares), and the best-match linear interpola-
tion (dashed lines).
Table 5.1: Best-match model calculated below-band-gap square of the index of refraction
wavelength and temperature dependence parameter values according to Eq. 5.2 for mon-
oclinic β-Ga2O3. Digits in parenthesis denote the 90% confidence interval determined
using the numerical uncertainties determined for each data point during the wavelength-
by-wavelength dielectric function tensor analysis.
ε1,xx ε1,yy ε1,zz ε1,xy
ε∞,ij 3.4(7) 3.5(6) 3.6(0) -0.00(8)
A (10−5C−1) (8) (9) (8) -2.(0)
B (10−2μm2) (5) (6) (6) 0.(4)
C (10−3μm4) (6) (4) -(2) -(1)
ε∞,ij 3.7(5)a 3.2(1)a 3.7(1)a -0.0(8)a
ε∞,ij 3.479b 3.574b 3.626b 0.016b
a FIR-IR-GSE phonon analysis, Schubert et al., Ref. 249.
b Room temperature VIS-VUV-GSE analysis, Sturm et al., Ref. 243.
room temperature[241]. We use this same approach here at elevated temperatures and
present model dielectric function parameters in Tab. 5.2. We find that amplitudes do not
change significantly in the temperature range investigated and are therefore not included
in the table. We observe that energy parameters decrease with increasing temperature
while broadening parameters increase. We note that due to increasing broadening and
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with the first two transitions polarized along the b-axis so close together, sensitivity to the
excitonic binding energy parameter was limited and thus we held it to a constant value
of 0.18 eV for CPb0x as determined previously for room temperature.
Table 5.2: Parameter values determined from the eigendielectric displacement vector
approach for the temperatures investigated in this work. Digits in parenthesis denote 90%
confidence determined from this analysis. Note amplitude parameters did not change
significantly from those presented previously[241], thus are not presented here.
CPac0x CP
ac
0 CP
ac
1x CP
ac
1 CP
b
0x CP
b
0
Temp. α (deg) E(eV) B(eV) E(eV) B(eV) α (deg) E(eV) B(eV) E(eV) B(eV) E(eV) B(eV) E(eV) B(eV)
22◦C 115.1(1) 4.9(2) 0.4(0) 5.0(4) 0.0(2) 25.2(1) 5.1(7) 0.4(3) 5.4(0) 0.0(9) 5.4(6) 0.5(4) 5.6(4) .01(1)
100◦C 112.(5) 4.8(7) 0.46(6) 5.0(1) 0.03(2) 25.(2) 5.1(4) 0.45(0) 5.3(1) 0.08(1) 5.41(7) 0.5(3) 5.59(6) 1.(4)
200◦C 111.(7) 4.8(3) 0.5(2) 4.9(6) 0.0(6) 20.(3) 5.0(8) 0.53(8) 5.2(9) 0.0(9) 5.34(9) 0.6(1) 5.52(9) 1.(6))
300◦C 111.(7) 4.7(6) 0.5(9) 4.9(2) 0.0(7) 20.(1) 5.0(2) 0.5(9) 5.2(2) 0.1(3) 5.3(0) 0.6(8) 5.4(8) 2.(0)
400◦C 110.(4) 4.6(9) 0.6(2) 4.8(5) 0.0(8) 19.(8) 4.9(3) 0.6(9) 5.0(9) 0.(5) 5.2(8) 0.8(1) 5.4(6) 3.(2)
500◦C 109.(6) 4.6(2) 0.6(7) 4.7(9) 0.0(9) 18.(0) 4.8(6) 0.8(0) 5.1(3) 0.(7) 5.2(5) 0.8(9) 5.4(3) 3.1(9)
The evolution of the eigendielectric displacement vector direction with temperature
is presented in Fig. 5.3. We observe that in the case of the first two transitions within
the a-c plane (CP0 and CP1) along with their excitonic contributions, both of their corre-
sponding eigendielectric displacement vectors orientation angles (α) decrease. Therefore,
we observe that with increasing temperature the direction of the transition corresponding
to CP0 (and CP0x) shift closer to the c axis which is at approximately 103.73◦ . In much the
same way, the direction of the transition corresponding to CP1 (and CP1x) shifts closer to
the a axis.
Table 5.3: Parameter values determined from a Bose-Einstein model of temperature de-
pendent parameter values.
CP E0 (eV) α (unitless) P (eV) α (Ref. 250)a P (Ref. 250)a
CPac0x 4.949 9.(5) 0.0(8) 10.5 0.050
CPac0 5.069
b 8.(0) 0.08(0) 10.5 0.050
CPac1x 5.18
b 1(3) 0.1(1) 10.5 0.050
CPac1 5.41
b (8) 0.0(7) 10.5 0.050
CPb0x 5.52
b 5.(2) 0.0(3) 5.5 0.025
CPb0 5.7
b (5) 0.0(2) 5.5 0.025
a Parameter average values determined for a-c plane and b axis separately by Sturm et al.
b Values approximated from Ref. 250 for zero temperature energies.
Temperature dependent energy parameters for critical points are shown in Fig. 5.4.
The Bose-Einstein model as described by Vin˜a et al. (Ref. 256) can be used to describe
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temperature dependence effects to render the shifts in energy parameters according to
E(T) = E0 − αPexp(P/kBT)− 1, (5.3)
where α is the phonon interaction strength and P is the phonon frequency as determined
by temperature dependent energy shifts. Recently, Sturm et al. (Ref. 250) applied this
technique for low temperature generalized ellipsometry analysis of single crystalline β-
Ga2O3. We also apply this model and extend it to our high temperature measurements.
The resulting lineshapes are shown as red solid lines in Fig. 5.4 and resulting param-
eters are given in Tab. 5.3. We note that in the temperature range investigated, there is
limited sensitivity to the parameter E0, therefore, we have fixed this parameter to a value
estimated from results published by Sturm et al. (Ref. 250). We find an average isotropic
phonon frequency to be approximately 0.065 eV (524.26 cm−1) from all energy parame-
ters for the transitions investigated. The arithmetic average of all (symmetry independent)
LPP phonons found by Schubert et al. was found to be 507.5 cm−1 which is in excellent
agreement with the value found in the present study.
5.5 Conclusions
In summary, we present the dielectric function tensor elements of β-Ga2O3 from room
temperature up to 500◦C. Further, we provide a description of the linear temperature de-
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pendence of the wavelength independent Cauchy coefficient to obtain the temperature ef-
fects on the anisotropic below-band-gap monoclinic indices of refraction. Additionally, we
determine shifts in eigendielectric vector displacement approach energy parameters due
to changes in temperature and model these effects by utilizing a Bose-Einstein lineshape
to determine average phonon frequencies. Further, we find a change in the eigendielectric
polarization orientation direction with temperature which leads to the possibility that the
eigenpolarization directions of the direct band-to-band transitions may be controllable by
strain on the crystal lattice or by changes in internal electric fields. This approach could
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be utilized for design of devices operating at elevated temperatures.
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Chapter 6
Anisotropy, band-to-band transitions,
phonon modes, and oxidation
properties of cobalt-oxide core-shell
slanted columnar thin films
6.1 Abstract
Highly-ordered and spatially-coherent cobalt slanted columnar thin films were deposited
by glancing angle deposition onto silicon substrates, and subsequently oxidized by an-
nealing at 475◦C. Scanning electron microscopy, Raman scattering, generalized ellipsom-
etry, and density functional theory investigations reveal shape-invariant transformation
of the slanted nanocolumns from metallic to transparent metal-oxide core-shell structures
with properties characteristic of spinel cobalt oxide. We find passivation of cobalt slanted
columnar thin films yielding Co-Al2O3 core-shell structures produced by conformal depo-
sition of a few nanometers of alumina using atomic layer deposition fully prevents cobalt
oxidation in ambient and from annealing up to 475◦C.
6.2 Introduction
Transition metal oxides constitute an interesting class of materials in solid state physics,
with numerous attributes that span dielectric, semiconducting, ferromagnetic, and ferro-
electric properties. Much research effort has focused on this vast and still widely un-
charted field of oxide compounds. In addition to their unique and useful bulk properties,
in recent years strong interest has developed in shaping these materials into topographies
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with nanoscale dimensions. One example is core-shell nanostructures whose optical, elec-
trical, and magnetic properties are attractive for novel device architectures in applications
such as solar cells and sensors.[257–261] Nanostructures and core-shell structures that in-
corporate the transition metal semiconductor cobalt oxide have been shown to be effective
as anodes with largely increased surface area in lithium ion batteries, biosensors, and in
electrochemical catalysis.[262–267] This is due to the wide tunability of electrical and mag-
netic properties as a function of temperature and stoichiometry. Oxidation of cobalt may
result in different forms depending on growth conditions. Rock salt structure cobaltous
oxide (CoO) is known to be present at high temperatures from decomposition of cobaltic
oxide (Co2O3) or spinel structure mixed-valence compound Co I ICoI I I2O4 (Co3O4) while
at lower temperatures increased oxygen absorption produces Co3O4.[268–270]
In this paper we report on fabrication and characterization of highly regular and coher-
ently arranged few-nanometer-sized columnar core-shell structures consisting of metal
cores and metal-oxide shells (Figs. 6.1(b)-(d)) shown by scanning electron microscopy
(SEM). Specifically, we investigate Co nanocolumns and how their optical, vibrational,
and electronic properties change upon oxidation. We find that cobalt nanocolumns can
be almost completely transformed into Co3O4 while fully retaining their shape. Thereby,
we have produced highly anisotropic spatially coherent cobalt oxide nanocolumnar thin
films, which may be useful for optical and/or electrochemical device architectures. We
further find that passivation of cobalt nanocolumns by an ultra-thin conformal overlayer
of alumina fully inhibits oxidation of the cobalt nanocolumns at normal ambient as well
as during our annealing procedure similar to our previous results with conformal coating
of a few-layers of graphene.[272–274]
6.3 Theory
Highly-ordered, spatially-coherent slanted columnar thin films (SCTFs) can be fabricated
by glancing angle deposition (GLAD) which utilizes particle flux at oblique incidence
angles.[275] These films exhibit extreme birefringence and dichroism properties that can
be tailored by choice of deposition parameters.[276] An ultra-thin and conformally over-
grown passivation layer via atomic layer deposition (ALD) can be employed to adjust
physical and chemical surface properties of SCTFs.[277–279] ALD is a chemical vapor
deposition process which provides precise, self-limiting, monolayer growth of materials
by cycling a combination of precursor, ozone, or plasma.
Mueller matrix generalized ellipsometry (MMGE) determines the anisotropic optical
properties of slanted columnar thin films (SCTFs) by measurement and model analysis
of the 4x4 Mueller matrix M, where M describes the change in polarization of light af-
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ter interaction with a sample (Fig. 6.1(a)).[280, 281] An appropriate physical model then
allows for accurate description of the optical properties of the film. The dielectric func-
tion of a uniform flat film may be determined using a homogeneous isotropic layer ap-
proach (HILA). For anisotropic films such as SCTFs, the dielectric functions along all
three major axes Na, Nb, and Nc (Fig. 6.1(e)) may be obtained using a homogeneous bi-
axial layer approach (HBLA). This method assumes that the material is homogeneously
distributed along each distinct axis and does not allow for determination of material
constituents.[282] For columnar core-shell structures, the anisotropic Bruggeman effective
medium approximation (AB-EMA) can be used to model the dielectric function, ε e f f ,j, of
all three major polarizability axes, j = a, b, c, from a number of ”bulk” dielectric functions
in addition to the constituent fractions, fn, according to:
m
∑
n=1
fn
εn − εeff,j
εeff,j + LDj (εn − εeff,j)
= 0, (6.1)
with the requirements that ∑ fn = 1 and ∑ LDj = 1, where L
D
j are the depolarization fac-
tors along the major axes, Na, Nb, and Nc.[282, 283] For the AB-EMA model we assumed
three different constituents: void, cobalt, and oxide, either the well documented Al2O3
deposited by ALD or the as yet to be described cobalt oxide.[282] The optical constants
of the cobalt slanted columnar thin film (SCTF) constituent were determined from the
as-deposited sample immediately after deposition, where there was assumed to be no
oxide material present. These were then kept constant during the search for the unknown
oxide optical constants of the core-shell structures. Furthermore, we previously reported
that SCTFs exhibit monoclinic properties,[277] which can be accounted for by defining an
angle β between polarizability axes Nb, and Nc (Fig. 6.1(e)). During best-match model
calculations model parameters are then varied in order to calculate data that matches the
experimental data as accurately as possible. Values of the complex dielectric function of
an unknown material can be found by a wavelength-by-wavelength regression analysis.
Electronic band-to-band transitions cause critical point (CP) features in the dielectric func-
tion spectra. The imaginary contribution, ε2, can be modeled conveniently using Gaussian
lineshapes with best-match parameters amplitude, A, center energy, En, and broadening,
Br, and the real contribution, ε1, is obtained from Kramers-Kronig transformation.[284]
ε2(E) = A(e−(
E−En
σ )
2 − e−( E+Enσ )2), (6.2)
σ =
Br
2
√
ln(2)
,
ε1(E) =
2
π
P
∫ ∞
0
ξε2(ξ)
ξ2 − E2 dξ. (6.3)
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Raman spectroscopy was used to differentiate between the cobalt oxide phases, how-
ever, it has been shown that at high excitation laser energy in normal ambient, CoO can
further oxidize leading to Co3O4. Care must be taken to use a low enough intensity so
as to not change the material investigated.[285] Near the Brillouin zone center (k=0) of
Co3O4 (space group Oh7)[286] normal modes are given from Γ = A1g + Eg + 3F2g + 5F1u +
2A2u + 2Eu + 2F2u, where the A1g, Eg, and the triple degenerate 3F2g are the only Raman
active modes. [287]
-0.5
0.0
0.5
0 100 200 300
-0.5
0.0
0.5
I (o)
0 100 200 300
-0.5
0.0
0.5
I (o)
0 100 200 300
-0.5
0.0
0.5
I (o)
MM12 MM14 MM13 
MM33 
MM22 MM23 MM24 
MM34 
MM44 
(b)  Co SCTF
(c)  Co SCTF annealed at 475°C
(d)  Al2O3 coated Co SCTF 
      annealed at 475°C
(e)
ΦA=45° 
λ=761 nm 
(a)
Figure 6.1: (a) Exemplary experimental (scattered lines) and HBLA calculated (solid lines)
MMGE data at an angle of incidence φA = 45◦ and wavelength λ = 761 nm of as grown
Co SCTF (square/blue), Co SCTF becoming Co3O4 after annealing (circle/red), and Al2O3
coated Co SCTF after annealing (diamond/black) are presented versus in-plane sample
azimuth, φ. The zero-crossing points in the off-block diagonal elements (MM13, MM14,
MM23, MM24) indicate when the slanted columns are parallel to the plane of incidence.
Cross-sectional SEM images of cobalt SCTF (b) as grown, (c) annealed becoming Co3O4,
and (d) annealed after Al2O3 passivation. All scale bars represent 100 nm. (e) A graphic
detailing the coordinate axes used in this paper to describe an SCTF.
Density functional theory (DFT) calculations of the Raman spectrum of Co3O4 were
performed using plane-wave code Quantum Espresso (QE).[288] Local density approxima-
tion functions by Perdew and Zunger[289] (PZ) and norm-conserving pseudopotentials
from the QE library were used, with the cutoff for the electronic wave-function set at 80
Ry, and a 4× 4 × 4 Monkhorst-Pack grid shifted by half of the simulation cell for the
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Table 6.1: SCTF parameters obtained by SEM and MMGE. Numbers in parentheses are
uncertainty limits corresponding to the confidence level of at least 90% with respect to
the last reported digits.
Co Co-Co3O4 Co-Al2O3
Parameter As Grown Annealed Annealed
t(nm) 99(9) 97(8) 98(4)
SEM θ(◦) 64(4) 63(4) 64(3)
d(nm) 17(2) 26(6) 22(4)
t (nm) 83.4(1) 82.0(1) 97.2(1)
θ (◦) 61.4(1) 61.7(1) 64.2(1)
MMGE β (◦) 79.6(1) 83.2(1) 77.5(1)
Co % 24.9(1) 2.3(1) 27.6(1)
Co3O4 % - 42.6(1) -
Al2O3 % - - 16.8(2)
Brillouin-Zone integrations.[290] The primitive unit cell was first relaxed in order to re-
duce forces on the ions. The system is considered to be at equilibrium when the forces on
the ions were approximately 1.0 × 10−5 Ry/bohr (∼0.0003 eV/A˚). The phonon frequen-
cies and Raman activities were computed at the Γ point for the relaxed structure using
density-functional perturbation-theory for phonons[291] and the second-order response
for Raman activities.[292]
Table 6.2: CP transition parameters of Co3O4 obtained in this work from MMGE data
analysis of oxidized cobalt SCTF in comparison with selected data reported in literature.
Critical Point Transitions
Parameter CP1 CP2 CP3 CP4 CP5
En(eV) 0.827(1) 0.947(1) 1.686(1) 2.637(1) 4.187(1)a
Br(eV) 0.072(1) 0.181(1) 0.373(1) 1.313(1) 1.491(1)
A(eV) 0.405(1) 0.541(1) 1.834(1) 3.745(1) 5.058(1)
E(eV)b [Ref. 293] 0.83 - 0.85 0.93 - 0.98 1.70 - 1.72 2.82 - 3.10 -
E(eV) [Ref. 294] 0.8 0.9 1.6 2.8 -
E(eV) [Ref. 295] 0.8 - 1.6 2.65 4.4
E(eV) [Ref. 296] 0.82 0.93 1.7 2.8 -
E(eV) [Ref. 297] 0.9c 0.9 1.65 2.6 5
a Transition outside of presented range with limited sensitivity to critical point parameters.
b Range of parameter values presented for spray pyrolysis depositions.
c Double peak was suggested around 0.9 eV.
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Figure 6.2: Optical constants along major axes Na, Nb, and Nc of non-passivated (a)-
(b), non-passivated annealed (c)-(d), and Al2O3 passivated annealed (e)-(f) cobalt SCTFs.
Critical point transition energies, identified from the subsequent AB-EMA analysis, are
indicated by vertical lines.
6.4 Experimental
Cobalt SCTFs were deposited on Si(100) substrates using GLAD as described previously,[282]
and at room temperature under ultra-high vacuum with an oblique angle of incidence
of 85◦. Half of the samples were passivated by depositing a conformal layer of Al2O3
using documented ALD techniques [277, 278] by subsequent cycling of trimethylalu-
minum (TMA) and 18.3 MΩ deionized water (Fiji 200 ALD Reactor, Cambridge Nan-
oTech). The samples were held at 150◦C temperature under vacuum, and 55 cycles were
deposited with a rate of approximately 0.9 A˚/cycle.[277] All samples were characterized
immediately after deposition using SEM and MMGE to determine initial thickness, col-
umn diameter, and optical properties. MMGE data were measured in the spectral range
of 300 to 1650 nm at four angles of incidence, φA = 45◦, 55◦, 65◦, and 75◦, and over a
full azimuthal rotation of the sample by six degree increments (RC2, J. A. Woollam Co,
Inc.). All samples were then placed flat on a sample mount plate under high vacuum and
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Figure 6.3: AB-EMA model dielectric function along axis Nc of non-passivated annealed
Co-SCTF along with Gaussian curves from CP analysis. A HILA model dielectric function
of Co3O4 obtained from data taken on a soda-lime float glass after a 12 second pyrolytic
spray deposition by Athey et. al[293]; Reproduced with permission from J. Vac. Sci.
Technol. A. Copyright 1996, American Vacuum Society.) are shown for comparison.
heated gradually to 475◦C by increments of 25◦C every 30 minutes, held at 475◦C for 2
hours, then suddenly exposed to normal ambient and allowed to cool to room tempera-
ture. SEM and MMGE investigations were then repeated, and Raman spectroscopy was
performed with a 532 nm excitation laser (DXR Raman Microscope, ThermoScientific).
6.5 Results and Discussion
Cross-sectional SEM images are presented in Figs. 6.1(b)-6.1(d). Approximations for the
overall thickness of the SCTF (t), as well as the slanting angle (θ) and diameter of the
posts (d) are summarized in Tab. 6.1. Upon annealing the column diameter of the non-
passivated SCTF increases approximately twofold due to oxide growth on all exposed
surfaces, while the column diameter of the passivated sample is approximately 5 nm
larger than that of the as-grown columns due to the alumina overgrowth. Otherwise no
significant structural changes occur upon annealing or passivation.
Fig. 6.1(a) comparesMMGE data versus sample rotation with HBLA best-match model
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Figure 6.4: Raman spectroscopy experimental results for non-passivated cobalt SCTF af-
ter each annealing and exposure step in comparison with DFT simulation results for
cobalt oxide, Co3O4, with examples of mode displacement vectors for A1g, Eg, and triple-
degenerate 3F2g modes shown on primitive cells. An inset in the top panel shows the
actual unit cell of Co3O4 (spinel structure) viewed along the [110] direction. For details
see the text and Ref [271].
calculated data for as grown, non-passivated annealed, and passivated annealed SCTFs. It
can be seen that the data from the passivated annealed SCTF very closely resemble those
of the as grown SCTF, signifying that both SCTFs remained structurally and optically
nearly identical. While data from the non-passivated annealed SCTF reveal some devi-
ation from the former two, major anisotropic properties of the SCTFs remained similar
upon oxidation. This is seen by observing where the zero points in the off-block diagonal
elements in the Mueller Matrix data in Fig. 6.1(a) occur, in which the slanted columns are
aligned within the plane of incidence causing pseudo-isotropic points.[282] For all SCTFs,
pseudo-isotropic points occur at the same azimuthal orientations. Best-match AB-EMA
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model parameters are summarized in Tab. 6.1. Before annealing, the SCTF is assumed to
have no oxide formation yielding a void fraction of about 75%. It is observed that after
annealing the original metal SCTF is almost fully transformed into metal oxide forming a
shell around a reducing core with remaining diameter of approximately 2 nm still above
our best-match model parameter uncertainty range (Tab. 6.1). For Co3O4 the density is
less than that of pure cobalt, thus its formation results in an increase in column diameter
and a reduction of the void fraction to approximately 55%, from which we suggest a bidi-
rectional oxide growth. Fig. 6.2 depicts the anisotropic optical constants (refractive index
and extinction coefficient). The optical constants along Na, Nb, and Nc change between
the as-grown and the non-passivated annealed SCTF, while those of the passivated an-
nealed SCTF remain nearly identical to those of the as-grown SCTF. The oxidized cobalt
SCTF exhibits strong changes in birefringence and dichroism properties, transforming
from highly absorbing (metal-like) to highly transparent (dielectric-like). For polarization
along axis Nc the optical constants are typically found nearly identical to the bulk optical
constants of the column material, here bulk cobalt. For annealed non-passivated SCTF,
we thus indicate the transformation to Co3O4 because the optical constants for axis Nc
are nearly identical to bulk Co3O4. The AB-EMA dielectric constants for axis Nc are com-
pared to those given by Athey et. al,[293] which were obtained using the HILA model for
data from a Co3O4 thin film deposited using 12 second spray pyrolysis onto soda-lime
float glass, included in Fig. 6.3. These results show close agreement on magnitudes as
well as absorption band locations yielding further confirmation that cobalt oxide is in
the form of Co3O4. Our CP parameter analysis results yield optical constants for axis
Nc which are compared to those reported previously in Tab. 6.2.[293–297] Raman spectra
of the non-passivated annealed SCTF with DFT calculated Co3O4 Raman intensities are
shown in Fig. 6.4. We identify peaks that correspond to modes F12g, Eg, F22g, F32g, and
A1g at 192 cm−1, 488 cm−1, 521 cm−1, 625 cm−1, and 694 cm−1, respectively. We note that
the peak at 521 cm−1 is caused by the silicon substrate and the Co3O4 peak at 488 cm−1
is subsumed as a shoulder. We also make note that the Co3O4 peak at 521 cm−1 is not
visible as it appears at the same frequency as the strong silicon peak. Surface-enhanced
scattering effects cause the secondary Si modes, 2TA at 304 cm−1 and 2TO at 969 cm−1,
which pronounce upon oxidation due to the increased SCTF transparency.[298] Fig. 6.4
also shows examples of mode displacement vectors for A1g, Eg, and triple-degenerate
3F2g modes. We find very good agreement between experimental and DFT predicted
Raman intensities as well as with literature for Co3O4.[287, 299] We therefore conclude
that the annealing process of non-passivated Co-SCTF leads to nearly full oxidation form-
ing Co-Co3O4 core-shell structures. The passivated annealed SCTF does not reveal any
mode related to cobalt oxide. We conclude that alumina passivation prevents the Co-
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nanocolumns from oxidation regardless of thermal annealing up to 475 ◦C, while a small
diameter increase is caused by the alumina passivation layer.
6.6 Conclusions
In summary, we investigated the changes in optical anisotropy, the emergence of band-to-
band transitions and phonon modes upon the thermal oxidation of cobalt slanted colum-
nar thin films. Scanning electron microscopy, Raman scattering, generalized ellipsometry,
and density functional theory investigations reveal a shape-invariant transformation of
cobalt columns from metallic to transparent metal-oxide core-shell structures with prop-
erties characteristic of spinel cobalt oxide. The anisotropic optical constants derived for
the as-grown and non-passivated annealed cobalt columns reveal transformation from
metal-like to dielectric-like suggesting highly transparent properties of the cobalt oxide
nanostructures. From structural investigations we propose that oxide grows bidirection-
ally, leaving only a small fraction of a cobalt core as the remaining void fraction dimin-
ishes proportionally upon oxide formation. In contrast, we observe insignificant struc-
tural and optical changes of the cobalt nanocolumns passivated by Al2O3 overcoat. We
conclude that alumina passivation provides an efficient oxygen barrier onto cobalt nanos-
tructures, which may find use in design of device architectures including cobalt-cobalt
oxide core-shell nanostructures for applications in normal ambient.
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Chapter 7
Multiple-layered effective medium
approximation approach to modeling
environmental effects on alumina
passivated highly porous silicon
nanostructured thin films measured
by in-situ Mueller matrix
ellipsometry
7.1 Abstract
Optical changes in alumina passivated highly porous silicon slanted columnar thin films
during controlled exposure to toluene vapor are reported. Electron-beam evaporation
glancing angle deposition and subsequent atomic layer deposition are utilized to deposit
alumina passivated nanostructured porous silicon thin films. In-situ Mueller matrix gen-
eralized spectroscopic ellipsometry in an environmental cell is then used to determine
changes in optical properties of the nanostructured thin films by inspection of individ-
ual Mueller matrix elements, each of which exhibit sensitivity to adsorption. The use
of a multiple-layered effective medium approximation model allows for accurate descrip-
tion of the inhomogeneous nature of toluene adsorption onto alumina passivated highly
porous silicon slanted columnar thin films.
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7.2 Introduction
Highly ordered and structurally coherent slanted columnar thin films (SCTFs) have gar-
nered much attention as of late due to their unique and tunable properties which make
them very desirable for device design [300]. In particular, porous silicon shows much po-
tential as a candidate for vapor sensors [301], polymer based temperature sensors [302],
and biosensing applications [303–305]. For example, biosensors are reported which are
based on optical changes of porous silicon devices, and which can be used for detection
of antibodies [306, 307], enzymes [308], and DNA [309]. It is, however, crucial to develop
accurate and precise ways to characterize optical changes in anisotropic materials due to
adsorption processes. Therefore, we present here an inhomogeneous multiple-layer effec-
tive medium approximation approach to modeling adsorption of toluene onto anisotropic
silicon SCTFs.
Porous silicon SCTFs can be fabricated by glancing angle deposition (GLAD), which is
a physical vapor deposition technique that directs particle flux at the surface of a sample
at oblique angles [310]. This allows for control of physical properties of SCTFs such as
slanting angle and porosity. Atomic layer deposition (ALD) is a self-limiting chemical
vapor deposition technique that allows for precise control of monolayer-by-monolayer
growth. ALD is known to be a convenient method to conformally coat SCTFs with a
high aspect ratio [311, 312]. Previously we have shown that degradation of SCTFs due to
oxidation or thermal effects can be prevented using passivation by few-layer conformal
coating of Al2O3 [311, 313] or graphene [314–316], thus we utilize this technique here to
ensure that no degradation of the surfaces affects the optical properties.
7.3 Theory
SCTFs exhibit biaxial anisotropy, which makes SCTFs extremely sensitive to small amounts
of molecule attachment [317]. Therefore, SCTFs are perfect candidates for optical sensors
of liquid or volatile materials [318] using Mueller matrix elements as fingerprints for opti-
cal change. Mueller matrix generalized ellipsometry (MMGE) is an excellent technique to
determine a complete optical characterization of anisotropic optical properties as well as
structural parameters from a best-match model analysis. MMGE is an indirect measure-
ment, which utilizes changes in polarization of light transmitted through or reflected off
a sample. The Mueller matrix connects incident and emergent real-valued Stokes vectors
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as: ⎛
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, (7.1)
with the Stokes vectors described according to:
⎛
⎜⎜⎜⎜⎝
S0
S1
S2
S3
⎞
⎟⎟⎟⎟⎠ =
⎛
⎜⎜⎜⎜⎝
Ip + Is
Ip − Is
I+45 − I−45
Iσ+ − Iσ−
⎞
⎟⎟⎟⎟⎠ , (7.2)
with Ip, Is, I+45, I−45, Iσ+, and Iσ− referring to intensities with p, s, +45◦, -45◦, right-hand,
and left-hand polarization, respectively [319].
For anisotropic materials, off-block diagonal elements (M13, M14, M23, and M24) have
nonzero values and have been shown to be sensitive to SCTF optical and structural
changes in intrinsic properties (dielectric functions of the material constituents and slant-
ing angle) [320] as well as extrinsic properties (sample azimuthal orientation and angle of
incidence) [321]. For example, the off-block diagonal elements have been seen to approach
zero at ”pseudo-isotropic” points when the plane of incidence is parallel to the column di-
rection [322] or when the anisotropy of a given SCTF reduces. The anisotropy reduces, for
example when the fraction of void reduces due to the adsorption of a dielectric medium.
However, while much can be inferred from experimental Mueller matrix data, an
appropriate optical model must then be used in order to obtain physical parameters. An
effective medium approximation is commonly used to describe the dielectric function
along each of the three major axes Na, Nb, and Nc (Fig. 7.1) from ”bulk” material models
as well as constituent fractions according to:
m
∑
n=1
fn
εn − εeff,j
εeff,j + LDj (εn − εeff,j)
= 0, (7.3)
and with ∑ fn = 1 and ∑ LDj = 1, where L
D
j are the depolarization factors along the major
axes, Na, Nb, and Nc [323, 324].
In this paper we investigate optical changes during exposure to toluene vapor in an
environmental cell of highly porous silicon slanted columnar thin films with an Al2O3
passivation coating. By inspection of Mueller matrix elements at various relative partial
pressures of toluene with respect to atmospheric pressure, we report on the reversible
nature of environmental effects of passivated SCTFs which may be useful for optical sen-
136 Chapter 7. Multiple-layered effective medium for modeling environmental effects
t1 
t2 
Substrate
Figure 7.1: Schematic of a multiple-layer SCTF model approach. Layer 1 is assumed to
be completely filled SCTF with liquid toluene which has adsorbed, and which fills from
the bottom up to fully surround the SCTF. Layer 2 is assumed to be partially filled with a
variable constituent percentage of toluene and void. The total thickness of the two layers
is held constant but the individual thicknesses and the constituent fraction in layer 2 are
determined for each relative partial pressure. The coordinate axes used in this paper to
describe an SCTF are also superimposed here. Note that the fraction of columnar material
is constant and common to both layers as well as slanting angle and slanting plane.
sor device design. We utilize a multiple-layer effective medium approach to successfully
mimic the adsorption and desorption of toluene on slanted columnar thin films.
7.4 Experimental
Silicon SCTFs were deposited on Si(100) substrates using GLAD techniques under ultra
low vacuum at room temperature as described previously [323]. Flux from ion beam
evaporation was directed at the sample surface with an oblique angle of 85◦. After depo-
sition, the samples were transferred immediately to the ALD reactor (Fiji 200, Cambridge
Nanotech) and were passivated with Al2O3 using 20 cycles of alternating pulses of pre-
cursors trimethyalumina (TMA) and 18.3 nΩ deionized water for 60ms with a 30s purge
time. This deposition was performed at 150◦C and under vacuum.
Samples were analyzed using a dual rotating compensator ellipsometer (RC2, J.A.
Woollam Co., Inc.) around a full azimuthal rotation by 6◦ in order to determine physical
properties of the SCTFs before exposure to environmental studies. The samples were
then mounted in a cell, which precisely controls the ambient environment around the
sample while acquiring in-situ Mueller matrix ellisometry data (M2000DI, J.A. Woollam
Co., Inc.). Samples were placed with the slanting plane at an azimuthal orientation of 45◦
with respect to the plane of incidence in order to maximize sensitivity to anisotropy.
The effects of relative partial pressure of toluene vapor were investigated. Liquid
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toluene was evaporated into nitrogen carrier gas in a chamber open to atmospheric pres-
sure while the relative pressure of toluenewith respect to the overall pressurewas stepped
up to a maximum of 95% and back down for 2 cycles in a precise and controlled manner
by increments of 2%. Note that we assume an isothermal process, as small incremental
changes of relative partial pressure were made. The cell temperature is precisely mon-
itored and used as a feedback parameter for accurate determination of relative partial
pressure.
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Figure 7.2: Representative experimental (black) and best-match model calculated (red)
in-situ MMGE data at an azimuthal orientation of ϕ = 45◦, angle of incidence φa = 70◦
and wavelength λ = 601 nm of Al2O3 passivated Si SCTFs as a function of relative partial
pressure (a, b, c, d, e, f, h, i). The thickness of the toluene filled layer 1 (green) and top
layer constituent fraction (blue) are displayed as a function of the relative partial pressure
(g).
In-situ Mueller matrix elements in the spectral range of 600-1700 nm are modeled us-
ing a multiple-layer effective medium approximation as shown schematically in Fig. 7.1.
The bottom layer was assumed to be filled with liquid toluene, and the top layer was
allowed to have a variable toluene constituent fraction, fTo2. The thicknesses of these in-
dividual layers, t1 and t2 were determined, while SCTF physical parameters determined
138 Chapter 7. Multiple-layered effective medium for modeling environmental effects
ex-situ, including the total thickness of 104 nm, slanting angle θ = 60.8◦, and SCTF ma-
terial constituent fraction fSi = 20.9% were held constant. Ex-situ measurements around
a full azimuthal rotation were modeled using WVASE32TM (J.A. Woollam Co., Inc.) and
in-situ Mueller matrix data was observed and modeled using CompleteEASE 5.15 (J.A.
Woollam Co., Inc.).
7.5 Results and Discussion
Experimental (black) and best match model calculated (red) in-situ Mueller matrix ele-
ments are depicted in Fig. 7.2 obtained at an azimuthal orientation of ϕ ≈45◦ and an
angle of incidence of Φa=70◦. Panels with individual Mueller matrix elements are ar-
ranged according to their indices with all elements normalized to M11. For non-magnetic
and non-chiral materials, in general, all Mueller matrix elements are seen to be symmetric,
i.e., Mij=Mji, therefore only the upper diagonal elements are presented. For brevity, data
are shown only for a single wavelength of λ = 601 nm.
Important to note in the Mueller matrix data is the strong dependence on relative
partial pressure in all Mueller matrix elements as well as clear anisotropy shown by the
nonzero off-diagonal block elements (M13, M14, M23, M24). In these off-block diagonal
elements we see that with increasing relative partial pressure, the Mueller matrix elements
generally reduce, indicating a decrease in anisotropy. This is due to molecular charge
screening induced by adsorption of dielectric material within the void region between
the nanostructures. This reduces the electric field between the SCTFs, which reduces
polarization seen in these directions, leading to an effective loss in anisotropy [317].
We employ a multiple-layered effective medium approximation, which is successfully
utilized to describe toluene adsorption in the SCTFs. Slight offsets due to window effects
and angle of incidence misalignment were observed and accounted for. The results of this
analysis are depicted in Fig. 7.2, which shows the thickness parameter of the filled layer 1
(t1) and toluene constituent fraction of layer 2 ( fTo2) increasing with increased relative par-
tial pressure. Hysteresis in Mueller matrix elements and model parameters is observed
as seen previously by May et al. (Ref. 320), who assumed a single homogeneous SCTF.
However, we find this approach inadequate to accurately describe the inhomogeneous
nature of the adsorption of toluene into the void between region between the nanostruc-
tures. Instead, the multiple homogeneous layer approach was found as the only approach
to provide a consistent match to experimental data.
Hysteresis seen in this work is due to the slow loading and discharging process of gas
molecules inhibited by the nanoporous nature of the SCTF. This indicates that the process
was not performed under equilibrium conditions as the SCTF continues to adsorb when
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held at a given pressure. For example, at the highest relative partial pressure of toluene,
the sample was held for 5 minutes whiles adsorption continued. This can be seen by
vertical changes in parameters t1 and fTo2 in Fig. 7.2(g), as well as in all Mueller matrix
elements at PToluene/P0 = 0.95. However, in this experiment, the sample was never fully
loaded, as t1 remained less that t1+t2 and fTo2 remained less than 1- fSi.
7.6 Conclusions
In summary, we investigated the changes in optical anisotropy of alumina passivated
highly porous silicon slanted columnar thin films as a function of relative partial pressure
of toluene in a nitrogen carrier gas. We observed significant reversible optical changes
of the Mueller matrix elements of silicon slanted columnar thin films during exposure to
these environments. We find that the toluene inhomogeneously fills the slanted columnar
thin film from the bottom up and thus we conclude that a multiple-layer effective medium
approximation approach is necessary to account for this inhomogeneity and is utilized
successfully in this work.
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Chapter 8
Summary
Generalized spectroscopic ellipsometry was extended in order to characterize low symme-
try materials such as complex anisotropic nanostructures as well as materials with lower
crystal symmetry. Several monoclinic single crystalline materials were investigated in the
spectral region spanning far-infrared to vacuum ultraviolet and a model eigendielectric
displacement vector approach was developed and utilized for analysis. The full dielectric
tensor was found and phonon mode parameters, band-to-band transition parameters as
well as their corresponding eigendielectric polarization directions within the monoclinic
plane were determined and discussed. The findings obtained in Part 1 of this work have
been discussed in detail and the major results are summarized as:
• Phonon mode parameter determination in monoclinic CdWO4
The eigendielectric displacement vector approach was augmented with lattice anhar-
monicity to accurately describe phonon modes of CdWO4. The dielectric tensor ele-
ments as well as inverse tensor elements were presented and discussed. Frequencies
of transverse optical and longitudinal optical mode with Bu symmetry were shown
to be identified by observation of peaks in the determinant and in the inverse deter-
minant, respectively. Additionally, amplitude, frequency, broadening, anharmonic
broadening and eigendielectric polarization direction were determined by fitting
to the dielectric tensor elements. The determined parameters were found to be in
excellent agreement with density functional theory calculated values. Hence, the
first complete set of longitudinal optical and transverse optical phonon modes of
CdWO4 was determined and presented.
• Phonon mode parameter determination in monoclinic YSiO5
The eigendielectric displacement vector summation approach with lattice anhar-
monicity was utilized to accurately describe phonon modes of YSiO5. The dielectric
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tensor elements as well as inverse tensor elements were presented, analyzed and dis-
cussed. A full analysis of both dielectric tensor, inverse dielectric tensor as well as
determinant and inverse determinant yield parameters for amplitude, broadening,
frequency and direction for all transverse optical and longitudinal optical modes.
The determined parameters were found to be in excellent agreement with density
functional theory calculated values. Thus, the first complete set of longitudinal op-
tical and transverse optical phonon modes of YSiO5 identified experimentally were
reported.
• Excitonic and band-to-band transition parameter determination in monoclinic β-
Ga2O3
The eigendielectric displacement vector approach was similarly used to character-
ize electronic transitions from the near-infrared to vacuum-ultraviolet in β-Ga2O3.
Excitonic and band-to-band transition parameters were identified and their eigendi-
electric displacement orientation within the a-c plane were reported. The deter-
mined parameters were found to be in excellent agreement with density functional
theory calculated values. Excitonic contributions were shown to have distinct bind-
ing energies for different band pairs, unlike zincblende or wurtzite structure semi-
conductors, as a consequence of the highly anisotropic monoclinic lattice system.
Anisotropic effective mass parameters and correlation with selection rules of funda-
mental band-to-band transitions were also reported and discussed.
• Elevated temperature effects on monoclinic β-Ga2O3
The temperature effects on β-Ga2O3 were investigated from 22–575◦C in the spectral
range of 1.5–6.4 eV. The dielectric tensor elements were presented for various temper-
atures and discussed. A consistent redshift and broadening of critical point features
was observed with increasing temperature. The previously described eigendielec-
tric displacement vector approach was applied directly and the evolution of model
parameters with temperature were reported. The changes in critical point energy
parameters were described using a Bose-Einstein approach and an average phonon
frequency was found which agrees excellently with previously reported data. A sys-
tematic variance in eigenpolarization direction with temperature was shown which
could lead to control over directions of band-to-band transitions by strain on the
crystal lattice or by changes in internal electric fields.
Further, material characteristics and anisotropic optical properties were determined
for multi-material coherent so-called slanted columnar heterostructured thin films. Such
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complex material structures and systems were discussed in detail and the major results
from Part 2 of this thesis are summarized as:
• Characterization of core-shell Co3O4-Co slanted columnar heterostructured thin
films
The growth and characterization of Co3O4-Co core shell structures was described.
Glancing angle and atomic layer deposition techniques were utilized to controllably
grow and coat slanted columnar nanostructured thin films. These complex multi-
ple material heterostructured films were characterized by generalized spectroscopic
ellipsometry using an effective medium approximation. Band-to-band transitions
and oxidation properties were presented and discussed.
• Monitoring of toluene adsorption on Si slanted columnar thin films
The gas-liquid-solid distribution during controlled adsorption of organic solvents in
Si slanted columnar thin films was presented and discussed. The reversible nature
of such adsorption was monitored by generalized spectroscopic ellipsometry using
an multiple layered effective medium approach allowing for the determination of
the thickness of the layer filled with organic solvent as well as for the fraction of sol-
vent in the remaining unfilled layer. This approach allowed for accurate description
of the inhomogeneous nature of toluene adsorption onto alumina passivated highly
porous silicon slanted columnar thin films.
The eigendielectric displacement vector approach developed in this work can be ap-
plied to a nearly limitless sample set including but not limited to: additional single crys-
talline monoclinic and triclinic materials, thin film epitaxial layers of monoclinic or tri-
clinic materials, as well as alloys such as (AlxGa1−x)2O3. Temperature and environmental
influence on such films can also be monitored and described using this approach. These
types of films may become commonplace as their potential in power electronics becomes
more understood.
Additionally, many more complex nanostructures can be developed and described
using appropriate generalized spectroscopic ellipsometry model analysis techniques. One
such potential material structure is a periodic layered glancing angle deposited super-
lattice type slanted angle heterostructured thin film. Such films could prove useful in
future device design.

147
List of abbreviations
DFT density functional theory
IR Infrared
FT-IR Fourier transform IR
FIR far-IR
GSE generalized spectroscopic ellipsometry
ONCV Optimized Norm-Conserving Vanderbilt
TO transverse optical
LO longitudinal optical
BUL Berreman-Unterwald-Lowndes
GGA-DFT generalized gradient approximation DFT
MDF model dielectric function
EDVS eigendielectric displacement vector summation
EDLVS eigendielectric displacement loss vector summation
HSE Heyd, Scuseria, and Ernzerhof
HCP Higginbotham, Cardona and Pollak
HF-DFT Hartree-Fock DFT
PBE Perdew, Burke and Ernzerhof
Gau-PBE Gaussian-attenuated PBE
VUV vacuum-ultra-violet
NIR near-infrared
NUV near-ultraviolet
EMA effective medium approximation
VBM valence band maximum
SEM scanning electron microscopy
148 List of abbreviations
MIR mid-IR
FPSQ “4-parameter semi quantum”
LST Lyddane-Sachs-Teller
S-LST Schubert-Lyddane-Sachs-Teller
LPP Longitudinal plasmon-phonon
SCTFs slanted columnar thin films
SCTF slanted columnar thin film
GLAD glancing angle deposition
ALD atomic layer deposition
MMGE Mueller matrix generalized ellipsometry
HILA homogeneous isotropic layer approach
HBLA homogeneous biaxial layer approach
AB-EMA anisotropic Bruggeman effective medium approximation
CP critical point
PZ Perdew and Zunger
QE Quantum Espresso
TMA trimethylaluminum
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List of symbols
ε dielectric function tensor
ε ij element of dielectric tensor in row i and column j
ε0 electric vacuum permittivity
kB Boltzmann constant
χ2 mean square error
σ experimental error
ε∞,j high frequency anisotropic dielectric tensor element
εDC,j DC anisotropic dielectric tensor element
γLO broadening parameter of the longitudinal optical (LO)
phonon mode
γTO broadening parameter of the transverse optical (TO)
phonon mode
ω angular frequency
ωLO frequency parameter of the longitudinal optical (LO)
phonon mode
ωTO frequency parameter of the transverse optical (TO)
phonon mode
ΦA angle of incidence
l wavelength dependent functions
Ak,l amplitude for mode kind k either TO or LO and of
mode l
ωk,l frequency for mode kind k either TO or LO and of
mode l
γk,l broadening for mode kind k either TO or LO and of
mode l
Γk,l anharmonic broadening for mode kind k either TO or
LO and of mode l
150 List of symbols
αk,l eigendielectric displacement vector orientation for
mode kind k either TO or LO and of mode l
(ϕ, θ, ψ) Euler rotation angles
(xˆ,yˆ,zˆ) laboratory coordinate axes
μ−1jj effective mass tensor elements
P phonon frequency determined by temperature depen-
dent shifts
α phonon interaction strength
εe f f ,j effective dielectric function along major polarizability
directions j = a, b, c
Na,Nb,Nc major polarizability axes
LDj depolarization factors along directions j = a, b, c
fn fraction of material n
t thickness parameter
θ slanting angle parameter
Mij Mueller matrix element
X scalar valued quantity X
X vector or matrix X
X−1 inverse of matrix X
e (X) real part of X
m (X) imaginary part of X
det (X) determinant of X
i imaginary unit
⊗ dyadic product
∑ summation
∂2
∂k2j
second derivative along a specified direction j
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